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A REVIEW OF SEPTATE MICROSPORANGIA IN VASCULAR PLANTS 
Nels R. Lersten1 
ABSTRACT. Complete and incomplete septa of various 
kinds have been described from microsporangia of 16 
families of angiosperms and three families of lower 
vascular plants. In some families septation occurs 
only sporadically, while in others (Annonaceae, Bal-
saminaceae, Convolvulaceae, Gentianaceae, Legumi-
nosae (Mimosoideae ) and Onagraceae) there are some 
g e n e r a in w h i c h s ep t a a r e a c o n s t an t f e a tu r e . T h e y 
have usually been considered to provide nutrition more 
easily to developing microspores and pol l en, but in 
this review that hypothe s is is questioned. Judgin g 
from their distribution predominantly amon g herbace-
ous animal-pollinated taxa, and their complete absence 
from wind-pollinated taxa, it is speculated that the 
septa of anther locules are an intermediate stage in 
the reduction in size of the anthers. 
INTRODUCTION 
Microsporangia (anther sacs or locules) in most vascular plants con-
sist of a central mass of spore (or pollen) mother cells completely en-
closed by a tapetum, which is usually uniseriate. The tapetum in turn 
is in contact with connective tis sue on its inner face and parietal and 
epidermal layers on its outer face. Some plants and plant groups deviate 
from this pattern by developing septa, or intrusive sterile tis sue, which 
tend to partition the sporogenous cells of the microsporangium. The 
considerable literature concerning microsporangial septation warrants 
a review and interpretation. 
Goebel (1905), under the heading of " Division of pollen sacs by plates 
of sterile tissue," briefly enumerated a few examples of microsporangial 
septation. Maheshwari (1950, p. 38-40) included a short discussion, 
while Eames (1961) devoted only a single paragraph to the topic under the 
heading of " placentoids 11 (p.143-144). Steffen and Landmann (1 95 8) pre-
sented a somewhat more complete description, and Davis (1966) men-
tioned most of the families in which septa have been reported. These 
treatments are brief and incomplete, and none of them go beyond mere 
description. 
Reports of partial or complete septation of microsporangia were found 
in 19 families of vascular plants ( 16 angiosperm and three lower vascular 
plant. In some families septa were described as a consi.stent feature, 
while in other families they appear ·to be merely of occasional occurrence. 
1 Professor, Department of Botany and Plant Pathology, Iowa State 
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The following discussion first takes up the situation in each of the nine-
teen families, then deals with the phenomenon in general. 
SEPTA DISCUSSED BY FAMILIES 
Annonaceae 
Lecomte ( 189 6) mentioned, but did not illustrate, "parenchymatous 
septations 11 in three genera (Monodora, Stoamina, Xylopia). Herms 
( 1907) later described and showed drawings of sterile---;epta in Asimina 
trilo ba. He did not indicate the origin of these septa , but merely stated 
that "the nuclei of these cells have divided as well as those of the sur-
rounding ta petal cells . 11 In other words, the cells forming the septa and 
the parietal tapetal cells became binucleate. His drawings, unfortunately, 
are of transections only and do not clearly indicate whether or not the 
pattern of septation is identical to that described for other members of 
the family. 
Samuels son ( 1914) published photographs showing that there was a 
single row of pollen mother cells (PMCs) per locule in Annona cherimola, 
and that each PMC was isolated by a sterile septum. He did not remark 
on the origin of the septum, nor did he give the number of nuclei for sep-
tal cells or ta petal cells. After the tetrad stage the sterile septa were 
crushed by the enlarging microspores. 
Juliano ( 19 35) investigated two species of Annona and also reported 
that the PMCs were in a single row in each locule;in addition, each P M C 
was isolated by " sterile tissue. 11 His drawings show the same arrange-
ment as that reported by Samuels son ( 1914). 
Periasamy and Swamy (1959), the most recent investigators, have 
provided the most detailed account in this family. They reviewed much 
of the earlier work and pointed out that g.enera with massive sporogenous 
tis sue do not have sterile septa, whereas such septa occur regularly in 
genera with PMCs in a single row. They studied Cananga odorata and 
reported that sterile septa arose in either of two ways: 11 ( 1) some of the 
sporogenous cells in the row divide by a periclinal wall; the derivations 
soon become sterilized and look like tapetal cells in regard to their his-
tological behavior; (2) the archesporium itself arises as a discontinuous 
row so that units of varying numbers of sporogenous cells become iso-
lated in smaller compartments. The latter condition, however, is com-
paratively rare. " Their main conclusion was that septa o ccurred by a 
sterilization of sporogenous tis sue. 
These authors also invoked the same mechanism of sterilization to 
interpret the formation of the four locules of each anther. "Following 
early differentiation, the theca- bearing region [i.e., the anthers J be-
comes 4-angled (in transectional view). Each group of deeply staining 
cells becomes split into two by the parenchymatization of the intervening 
one or two layers. 11 Their photograph supporting this is not convincing, 
however. 
The published evidence indicates that in this family there has been a 
reduction of sporogenous tissue in the anthers of some evolutionary lines, 
of which the extreme examples are single rows of PMC s interrupted by 
sterile septa. Although it would appear that where these septa occur 
they are constant and predictable features, it should be pointed out that 
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Oes (1914) did not mention sterile septa in Cananga odoratum, nor are 
any shown in his transectional and longisecti;;nal drawings of anthers . 
Balsaminaceae 
Every species investigated in this advanced herbaceous family has 
sterile septa. Ottley ( 1918) provided the first description from Impatiens 
sultani: " Tapetal cells are not limited to the peripheral region, but ex-
tend into the mass of sporogenous cells and in some cases ramify thr.'Qugh 
the locules, occupying more than one-half of the sporangial cavity. The 
origin of the tapetum was not definitely determined, but it seems highly 
probable that it arises from the sterilization of sporogenous tissue 
rather than from the inner cells of the wall, and that all of the sterile 
cells within the sporangium are of the same ancestry. " She described 
the cells of the septa as binucleate, as were those of the peripheral 
tapetum. 
Caroll ( 1919) described almost exactly the same situation in both 
normal and cleistogamous flowers of Impatiens fulva, but interpreted the 
septa as a 11 degeneration" of sporogenous tissue.--SChurhoff 1 s (1931) de-
scriptions of septa in Impatiens parviflora and Hydrocera triflora were 
similar. He also reported the septal cells as binucleate, and his photo-
graphs show the condition unambiguously. 
For Hydrocera triflora, Venkateswarlu and Narayana ( 195 5, 19 57) 
presented a d ifferent interpretation. They viewed the septa as tapetal 
tissue that actively invaded the locule. 11 Early in the development of the 
anther, tapetal cells protrude into the sporogenous tissue and form tra-
beculae which extend in various directions partitioning the sporogenous 
tis sue into a number of smaller compartments. The ta petal cells are at 
first uninucleate, but later become 2-4 nucleate ... 11 
Steffen and Landmann ( 19 58) interpreted the septa in Impatiens glandu-
lifera as ta petal tis sue ( 11 Balkentapetum") of sporogenous origin. Tlle 
tap~tal cells became binucleate at, or before, prophase I of meiosis, and 
remained that way until tapetal degeneration at the late micro spore or 
pollen stage. They regarded the tapetum, therefore, as being of the 
secretary type. 
Narayana and Sayeeduddin ( 19 59) described, from anthers of Impatiens 
leschenaultii, septa similar to those reported by earlier workers. They 
avoided interpreting the septa as tapetal or sporogenous in origin, how-
ever, by calling them simply " trabeculate partitions. " Both tra beculate 
and ta petal cells became binucleate during meiosis. 
The most recent study in this family was by Narayana (1963), who re-
ported that " sterile bands " developed from sterilized sporogenous cells 
in six species of Impatiens, none of which had been investigated previous-
ly. The cells of the sterile bands became binucleate, but were much 
larger than the parietal tapetal cells. 
More than a dozen species in this family have been studied, and all 
have remarkably similar septate microsporangia. It appears quite likely 
that septate microsporangia are characteristic of the Balsaminaceae. 
Bignoniaceae 
The only report is by Venkatasubban (1945), who described septa in 
some locules of Dolichandrone rheedii and Parmentiera edulis. He 
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interpreted them as developing by the intrusion of the tapetum into the 
locule. He did not, however, show any developmental stages of this 
intrusion2 • 
Convolvulaceae 
Three species of Quamoclit were investigated by Fedortschuk ( 19 32). 
In the extremely reduced anthers of these species there are only three to 
five PMCs in a single row per locule. Single PMCs or pairs of PMCs 
were frequently isolated by septa, each of which appeared to be composed 
of only one cell. 11 ••• it was clear that some of the cells, which under 
other circumstances would have developed into archesporial cells, have 
remained sterile. 11 He described the course of development of the binu-
cleate parietal ta petal cells, but not of the septal cells. In locules where 
septa occurred, meiosis was not synchronous among PMCs in the same 
locule. 
Droseraceae 
Venkatasubban ( 19 50) , who earlier provided the only report of septa in 
the Bignoniaceae, also described a similar situation in several anthers of 
Drosera indica and D. peltata. He again interpreted this as an intrusive 
tapetum that sometimes divided the locule into three or more chambers. 
His description and discussion are somewhat vag ue , and his figures show 
what seems to be a late-forming tapetal plasmodium rather than an early-
forming tapetal septum. 
Gentianaceae 
Guerin published two short papers (1 9 24, 19 25 ) on anthers in this 
family before his maj or contribution of 19 26. Among the seven genera 
that he investigated, only Gentiana and Swertia were unusual. He looked 
at two species each of thesegenera, and described the PMCs as occur-
ring most often as g roups of two or three cells separated by parenchyma 
cells. Only rarely were the PMCs united in a single mass. The sterile 
cells remained uninucleate and became highly vacuolate. Later they lost 
their cell walls more or less rapidly, and their contents were released 
into the locule. Guerin did not clearly interpret the sterile cells as 
either sporogenous or tapetal in orig in. 
Although Guerin was the first to describe the peculiar anther situation 
in Gentianq. and Swertia, Schnarf ( 19 23 ) had earlier investigated Qentiana 
carpatica. He described and drew an anther transection at the micro-
spore stage with a plasmodial tapetum, but showed nothing corresponding 
to the condition shown by Guerin. 
Oehler ( 19 27) examined four species in four saprophytic genera of the 
family. In Voyria coerulea and Leiphaimos sp. he found a tendency for the 
inner (i.e. side toward the connective) tapetal cells to become multitiered 
and to extend partially across the locule. In Voyriella parviflora and 
Cotylanthera tenuis, howe ver, this did not occur. 
2 He also showed a remarkable (if true) condition of tapetal cell prolifera-
tion out of the locule and into the connective tis sue, somewhat in the man-
ner of haustorial endosperm. His supporting photograph and drawing are, 
unfortunately, unconvincing. 
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Woycick i ( 19 32) investigated Gentiana asclepiadea and presented de-
tailed drawings of a number of developme ntal stages. He described the 
ta·petum as a periplasmodium, but his f i gures are more nearly like those 
of Guerin ( 19 26) and McCoy ( 19 49 ) . No complete septa were illustrated, 
but the tapetal cells were radially elong ate and extended into the locule. 
In some places, tapetal extensions from opposite sides of the locule al-
most touched. The tapetum g radually de generated, starting shortly after 
meiosis. By the cellular tetrad stag e, the tapetum was almost gone, al-
though considerable tapetal debris filled the locule through the micro-
spore stage. 
In Swertia carolinensis, McCoy ( 19 49 ) reported that a " sterile nutri-
tive tissue " projected into the locule, but did not completely diyide it. In 
G e ntiana cruciata these sterile partitions were initiated by a " placentoid3 11 
located on the ~e of the locule next to the connective, and proceeded to 
develop toward the periphery (Steffen and Landmann 19 58). These parti-
tions ( 11 Balken 11), one or two cells wide, divided each locule into several 
chambers. The septa were interpreted as being of sporog enous origin, 
but resembled tapetal cells, having similar nuclear volume and chromo-
center si.~; e . Shortly before, or at the beginning, of meiosis the periph-
eral tapetal and Balken cells became tetraploid by endomitosis, 
The most recent paper concerning anthers in the Gentianaceae is by 
Maheshwari (1962), who examined Exacum (3 sp.), Canscora (2 sp.) and 
Limnanthemum ( 2 s p. ) . He did not find---;;pta; all locule s developed in 
the usual manner except for an irregularly biseriate tapetum noted in a 
few instances. It is clear that in this family septate microsporangia have 
evolved only i n certain taxa. 
Hydrocharitaceae 
Witmer ( 19 37) reported that the two stamens of Vallisneria spiralis 
originate as one primordium with a common archesporium. These sepa-
rate later in ontogeny, with two archesporial masses resulting from 
sterilization of some of the original archesporium. A second steriliza-
tion separates each of these two areas into two more archesporia. Each 
of the resulting four microsporangia develops its own tapetum. In some 
anthers, sterilization was reported as incomplete, so that the resulting 
locules were connected. Among the anthers examined the number of 
locules varied from one to eight. 
Leguminosae 
Septate microsporangia in angiosperms appear to have first been re-
ported in the legume subfamily Mimosoideae. Rosano££ ( 1865), and later 
Engler (1876), described anther morphology in many genera in which the 
pollen developed into united pollinia of up to 36 cells. Rosano££ studied 6. 
3 Cha tin ( 18 70) coined this term for a parenchymatous ridge, lined with a 
tapetum, protruding from the connective side of the locule into the sporo-
genous mass. He ·found these conspicuous sterile structures in the an-
thers of several genera of gamopetalous dicotyledonous families, but not 
in wind pollinated plants or in any mono cots. He concluded that they 
existed for better nutrition of the developing pollen. 
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species from living material and 50 sp e cies from herbarium sheets. He 
included very little concerning development . Sterile septa were present 
from the time the archesporial tissue appeared, and each pollinium de-
veloped in a separate chamber. The origin and characteristics of neither 
the septa nor the tapetum were described. Engler similarly did not in-
clude details. Dnyansagar ( 19 54) described the pollinia in Dichrostachys 
cinerea and Parkia biglandulosa as being separated from eachclhe;::-i:;y-
sterile septra, each with a tapetal layer facing the pollinia. In Parkia 
there were up to 20 isolated pollinia per anther lo be. Dynansagar felt 
that the septa developed to provide better nutrition for the pollinia. 
In the Papilionoideae only two reports were found. Latter ( 19 26) re-
ported for Lathyrus odoratus that " Outgrowths of tapetal tissue are oc-
casionally seen protruding into the pollen sac . In one case such an out-
growth was seen reaching right across the loculus, dividing it into two 
parts. " Buss, Galen, and Lersten ( 1969) reported " tapetal bridges," in 
two species of Desmodium. They showed that the septum was formed by 
the transformation of potentially sporogenous cells into tapetal cells, not 
by any active " invasion" by the tapetum. 
Lemnaceae 
Caldwell ( 1899) reported that in Lemna minor the original archesporial 
mass in each of the two stamens became subdivided into four regions 
through " sterilization" of a plate of potentially sporogenou s cells. After 
more sterile c ells had formed, each locule developed its own tapetum. 
Lilaeaceae 
Campbell ( 1898) did not show in any of his figures of Lilaea subulata 
anything that could be interpreted as a septum, and his discussion was 
vague. He did state that "on the inner side of the loculus especially, the 
tapetal cells encroach upon the sporogenous area, and there are cells 
which are intermediate in character between the perfect sporogenous 
cells and those of the tapetum. " 
Loranthaceae 
Billings ( 19 32) showed figures that indicated that PMCs of Phoroden-
dron flavescens developed in a matrix of sterile cells, much lfr~that 
~hown by Guerin ( 19 26) in the Gentianaceae. He interpreted these sterile 
cells as " spore mother cells whose dissolution was probably in the func-
tional capacity of tapetal cells, that is, for the better nourishment of the 
maturing pollen. 1 1 
Onagraceae 
Beer (1906), in his study of pollen development in this family, had no 
original observations on septa, but he did state: "As is well known the 
primary sporogenous cells of Gaura form a single longitudinal row. Sub-
sequently certain of these sporogenous cells become 1 sterile' and, by 
their division, form transverse septa, here and there, across the anther. " 
Beer was apparently referring to the unpublished the sis of Barcianu 
(1874), who examined anther development inten genera of Onagraceae, 
In Epilobium, Oenothera, Boisduvalia, Sphaerostigma, Godetia and 
Lopezia Barcianu found no septa. In Circaea he occasionally noted 
SEPTATE MICROSPORANGIA 49 3 
certain places where the tapetum formed partial septa. In ~.!_~rkia, 
Eucharidium and Gaura the partitioning of the locule was always com-
plet-e.--Two or more parenchymatous septa subdivided the locule into 
vertical chambers. In Gaura micrantha there were commonly three 
chambers, in Clarkia four or fi:~and six in Gaura biennis. Barcianu 
included no figur-;;-;:-nor did he mention whether or not these locules 
were reduced to a single row of PMCs. 
Plumbaginaceae 
In his study of several species of Limonium, Chaudhuri ( 19 42) re-
.ported that "the tapetal cells frequently project into and reach across the 
pollen sac, which is thus cut into several c ompartments; in such a com-
partment there may be no more than a single pollen mother- cell. .. " 
Ranunculaceae 
In Ranunculus scleratus, a winter annual in India, Sing h ( 19 36) de-
scribed the subdivision of two archesporial masses into four in much the 
same manner as Caldwell (1899) had done in Lemna. 
Rhizophoraceae 
Goebel (1905), in a sketchy manner, indicated that sterile septa di-
vided the anthers of Rhizophora mucronata into num·erous small com-
partments. He gave no details, -;:-ncihis drawing of a longitudinal section 
of an anther only shows one row of circles, each circle separated from 
its neighbors. Each circle cannot represent one pollen grain, since there 
should then be four grains in each compartment. The circles possibly 
each represent a PMC. Although the figure does not show it, Goebel 
states that these anthers are quite massive, and that such septa should 
therefore logically be found here, and in other anthers of similar con-
struction. 
Saxifragaceae 
Tischler ( 19 27), working with Ribe s gordonianum, included a drawing 
of a locule in longitudinal view, with a ta petal septum in one place across 
the entire locule. This does not appear to have been more than of occa-
sional occurrence, however. 
Ulmaceae 
Shattuck ( 1905) reported in Ulmus americana that the tapetum was 
derived from sporogenous tis sue.-~-nd frequently extended into the locule 
"sometimes to the depth of several layers. " The figure that she included 
as evidence is not convincing, however, since it shows only a portion of 
one locule with an irregularly 2-layered tapetum. 
Lower Vascular Plants 
I found no reports of septate microsporangia among gymnosperms, 
and no reports for fern sporangia. In Psilotum and Tmesipteris of the 
Psilotaceae, and in Equisetum (Equisetaceae), certain scattered sporo-
genous cells fail to undergo meiosis, and degenerate. Bower (1894) 
termed this a sort of " diffuse tapetum. " Bower also provided a descrip-
tion of the well-known trabeculae of the micro- and megasporangia of 
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Isoetes lacustris. He stated that " the trabeculae are not partitions but 
rods of tissue which radiate upward from the archesporial pad; they are 
frequently very irregular both in number and form. . . . The trabecu-
lae are derived by sterilization of potential sporogenous tissue. " 
A more detailed study by Smith (1900) supported most of Bower's 
interpretations. Smith, however, noted that the trabeculae did not break 
down at any time during development, and he doubted that they provided 
for more efficient channeling of nutrients to the spores. Smith also 
noted that the tra beculae were fewer in number, but considerably more 
massive, in the megasporangia. He felt this indicated that the process 
of sterilization of sporogenous cells had proceeded much further in 
megasporangia than in microsporangia. 
CONCLUSIONS 
Except for the trabeculae and scattered sporogenous cells of Isoetes, 
Psilotum and Equisetum, septate microsporangia appear to be restricted 
to angiosperms-:- Withi-; angiosperms, septa are seemingly further re-
stricted to dicots which are not wind-pollinated. There appear to be no 
reports of septa from monocots (with the doubtful exceptions of Lemna, 
Lilaea and Vallisneria) or from wind-pollinated dicots. ----
--v:;rrnd-pollination requires high pollen production to be effective 
(Whitehead 19 69). Since sterile septa reduce the number of pollen grains 
that can be produced, it seems logical that septa would be absent from 
anemophilous taxa. But what advantage do they have for plants that are 
animal-pollinated? 
Virtually all investigators attribute a nutritive role to the septa. The 
major evidence for this view is that the septal cells frequently take on 
the attributes of the parietal tapetum, e.g., become multinucleate, 
vacuolate, and lose their cell walls . Or, in cases where the trabeculae 
or placentoids are largely parenchymatous, at least their outer layer is 
tapetal in nature. Bower (1894), for example, felt that the trabeculae of 
Isoetes served to convey nutrients into the large spore mass, and he ex-
pected similar structures to occur in large sporangia in general. Goebel 
(1905) was of the same opinion, and cited Rhizophora as an exan:ple. 
It is not true, however, that large sporangia require special devices 
to nourish developing pollen in the interior of the locule. Except for 
Isoetes, and possibly Rhizophora, no septa or trabeculae have been re-
ported by workers investi gating microsporogenesis in plants with mas-
\ 
si ve anther locules. On the contrary, septa occur most often in reduced 
anthers in which all of the pollen would be very close to the tepaturn even 
if no septa developed. For example, in these locules reported in the 
Annonaceae, Convolvulaceae and Onagraceae in which the pollen mother 
cells are in a single row, each PMC can be considered to be roughly in 
the shape of a cube. It is, therefore, already in contact with the tapetum 
on four of its six sides, a luxury not shared by the vast majority of PMC s 
in other species. It seems unlikely in such cases that there is any 
necessity to develop a septum for the other two sides also, to provide 
additional tapetal contact. 
A more fundamental question is whether the tapetum has any function 
whatever. Although Moss and Heslop-Harrison ( 19 67) believe that there 
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is circumstantial evidence for transfer of ce rtain products, they a r e 
cautious c o nce rning the genera l belief that the tap e tum supplies nutri ents. 
They state tha t 11 the a ttribution of a secre tory role to the ta p e tal c e lls 
is not, however, supported by a great dea l of direct evidence , and the 
suggestion that elab orated materials are transferred to the developing 
s por es is in large part assumed rather than proven. 11 
Considering these r ema rks c onc erning the nutrition hypothesis of 
septation, p erhaps an alterna t e explanati on deserves s ome discussion . 
I n several families, published reports indicate that septa are only of 
occasional o ccurrence, and that the r e a ppea rs to b e no diff e r e nce in the 
a ppearance of the r emaining microspores whe the r the r e a r e septa pr e -
sent or not. This is probably the kind of septation tha t o ccurs now a nd 
then in the anthers of many, p e rhaps m ost, a n giosperms, but is diffi-
cult to de t ect. In species w ith some s e lective pressur e to produc e above 
a certain m inimum amount of pollen , septa are like ly to remain merely 
as accidents. In species w ith very effectiv e pollina tion me cha nisms, 
and p a rticularly w h e re the entir e pla nt has undergone a general reduc-
tion in size, i t is possible tha t the septa have become fixed ge n e tically , 
perhaps under selective pr essure for the a nther to contribute to the 
general reduction. If the septa are v i ewed as sterilized potential sporo-
genous c e lls, then p e rha ps they are merely a n intermedia t e step in the 
r eduction of total numb e r of sporogenous ce lls. Except for the 
Annonaceae a nd Mimosoideae , the other families in which s e pta a ppear 
to b e genetically fixed {Balsaminaceae , Convolvulacea e , G e ntianac e ae, 
Onagraceae ) a re all herbac e ous, a nd presumably adva nced, g roups. 
Similar ly, in thos e herbace o us aquatics or annuals whe re sterilization 
pf the original archesporial ma ss occu rs {Vallisneria , Lemna , Ranun-
culus), this could m e r e ly be a step in a nther reduction carrie d out in 
a somewhat different fashion. 
A lthough the phenome non of septation in microsporangia has only 
been described by general ana tomical methods in a r a the r small number 
of species, it seems reas onab le to pr e dict that future work will dis-
close s e ptate microsporangia in many more herbac e ous animal-pollinated 
angiosperms, and that the various types of s e pta will prove to b e inter -
mediate stages in the r e duction of sporogenous tissue, h aving no direct 
correlation with the nutrition of the r emaining spore mother cells. 
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GENETIC EFFECTS OF POPULATION SIZE IN THE REPRODUCTION 
OF TWO HETEROGENEOUS MAIZE POPULATIONS 1 
Eliud Omolo and W. A. Rus sell2 
A BS TRACT . T h e I o w a S t a t e U n i v e r s it y m a i z e b r e e d i n g 
program reproduce s hetero ge neous breeding stocks by 
hand-controlled cross pollination in a sample of 500 
plants per stock. The purpose of this research was to 
determine if fewer than 500 plants could be used wi th-
out causing significant genetic changes in the stock. 
Iowa Stiff Stalk Synthetic and Krug were reproduced 
throu gh five successive generations by random mating 
in sample sizes of 500, 200, 80, 32 and 13 plants per 
generation. Evaluation of the five lots after th e fifth 
generation showed a significant yield decrease in the 
lot per seas the sample size decreased, but the chan ges 
did~show in testcrosses of the lots. Significant 
changes in other charactters were observed, but the 
changes showed no relationship to the lot size used in 
the reproduction. We concluded that a sample of 200 
plants per generation would be adequate for reproduc-
tion of a maize heterogeneous stock by hand pollina-
tion. If some inbreeding can be tolerated and repro-
duction is infrequent, an 80-plant sample size may be 
adequate. 
A heterogeneous maize population is a breeding group of individuals 
in which genes are transmitted from generation to generation. The plant 
breeder is concerned, not only with the genetic constitution of the popu-
lation, but also with the frequency of the genes transmitted from one 
generation to the next. A natural population is large, and its gene fre-
quencies do not change unless some factors are operating to cause the 
change. Breeders usually work with relatively small- sized, or finite 
populations, but recognize that the size should be large enough to avoid 
gene frequency changes caused by inadequate sampling. 
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2 Formerly Graduate Student (now maize breeder, Maize Research 
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The maize breeder is faced with the problem of finding the best 
method of reproducing his heterogeneous breeding stock so that signifi-
cant gene frequency changes do not occur. An ideal method is to use a 
large number of plants in a field isolated from other maize populations. 
An isolated planting would likely have more than 5, 000 plants that, for 
all practical purposes, could be considered an infinite population. If 
exclusion of foreign pollen is complete, this method will maintain a 
heterogeneous stock without significant genetic change, barring other 
disturbing factors such as insects or diseases . Because circumstances 
may not permit reproduction in isolated areas , however, the breeder 
may have to use some other method. 
A reasonable facsimile of random mating may be effected by hand-
pollination among a relatively small number of maize plants in a breed-
ing nursery. But, the breeder needs to know the minimum number of 
plants that must be included so that the small sample will not cause 
significant shifts in gene frequencies or significant inbreeding. Rela-
tively little research relating to this problem in maize has been published. 
Terreg roza (8) found tha:tthere was significant inbreeding depression in 
six open-pollinated maize varieties maintained through five successive 
generations with 80 to 100 plants per generation. Data from a diallel of 
the six varieties showed that combining ability wa s not significantly af-
fected by five generations of the maintenance procedures. Evidently, 80 
to 100 plants per generation are not enough to avoid significant inbreed-
ing, but he did not indicate a minimum number of plants that should be 
used . 
There have been several studies in maize (2, 3, 4, 5, 7) to determine 
the minimum number of plants in a heterogeneous tester population re-
quired per cross in the production of testcrosses so that differences 
among plant samples of the tester do not contribute significantly to dif-
ferences among the testcrosses . The results of thes e studies, however, 
are not applicable to the problem of maintaining a hete10 geneous popula-
tion because: (a) Effects are obtained on the basis of contribution to a 
testcross in which half the genes come from another source; (b) this is 
a one-generation event, whereas, in the maintenance of a heterogeneous 
stock, we are concerned with g enetic chang es that may occur over sev-
eral generations of reproduction. 
In the maize breeding project at Iowa State University, we usually 
reproduC'e a heterogeneous stock by planting 500 seeds in the breeding 
nursery and simulating random pollination among the plants by hand-
controlled methods. It is obvious that the reproduction of several stocks 
in one season is time- consuming and costly. The purpose of this study 
was to determine if a heterogeneous maize breeding stock can be main-
tained with fewer than 500 plants per generation without significant 
genetic changes. 
MATERIALS AND METHODS 
We used two heterogeneous maize populations, Iowa Stiff Stalk Syn-
thetic (BSS) and Krug Hi I Syn. 3 (Krug). BSS was developed at Iowa 
State University by combining 16 genetically diverse inbred lines. Krug 
Hi I Syn. 3 was developed from the Krug open-pollinated variety at the 
University of Nebraska by combining eight S 1 lines that had high com-
bining ability. 
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In 19 6Z, five seed lot sizes of a storage supply of BSS and Krug were 
chosen as follows: 500 seeds - Lot I, ZOO seeds - Lot II, 80 seeds - Lot 
III, 3Z seeds - Lot IV, and 13 seeds - Lot V. We used 500 seeds as the 
largest sample because this is the size used to maintain heterogeneous 
populations in our maize research program. We expected the Lots IV 
and V would be small enough to cause significant shifts in gene frequencies 
Actually, in Lots III, IV, and V, the seed sample sizes planted were 100, 
50, and Z5, respectively, and plant stands were thinned to 80, 3Z, and 13 
plants. 
Controlled mating among plants was used within each lot. Pollen 
from one plant was used on only one or two other plants, and pollination 
of every plant in a lot was attempted. Each plant was pollinated only 
once. If a plant could not be pollinated because the silk was lost due to 
exposure, pollen was taken from the plant if possible. At harvest, all 
ears resulting from controlled pollinations in each lot were shelled and 
composited with no attention to ear si z e or number of seeds per e ar. In 
19 63, and fo r an additional three generations, each lot was reproduced 
in the same manner as the first season, Lot I - 500 seeds planted, Lot 
II - ZOO seeds planted, Lot III, - 100 seeds planted and thinned to 80 
plants, Lot IV - 50 seeds planted and thinned to 3Z plants , and Lot V -
Z5 seeds planted and thinned to 13 plants. Thus, at the conclusion of the 
19 66 season, we had five seed lots in BSS and Krug, each of which had 
been maintained through five successive generations by controlled mating 
in population sizes of approximately 500, ZOO, 80, 3Z, and 13 plants. No 
accurate counts were kept of the number of plants sampled per lot in 
each generation, but several counts indicated that more than 90% of the 
plants were used. 
In 1967, the five lots of each population, plus samples of the original 
varieties that were held in cold storag e, were crossed to two testers, 
the orig inal variety and Ia 57Z4, which is a double-cross hybrid. Ap-
proximately 90 plants in each lot were used in crosses with each tester, 
and all ears of a lot cross were harvested, dried, and shelled to make 
one composite eras s. Thus, for each variety, there were 1 Z eras ses, 
six with the parental source and six with Ia 57 Z4. Also, each lot and the 
original parent source were increased by controlled mating among ap-
proximately 150 plants. All control pollinated ears in each lot were 
harvested, dried, and shelled to give composite samples . 
We planted four experiments at the A g ronomy and Agricultural Engi-
neering Research Center at Ames, two trials for the population lots per 
se and two trials for the lot testcrosses, to use for individual plant and-ear 
measurements. The population lots had single-row plots spaced 102 cm 
apart, 16 one-plant hills after thinning, and a plant density of Z9, 108 
plants / ha. Each experiment was a randomized complete- block design 
with 20 replications. Observations on individual plants were recorded 
for all competitive plants per row for date of silk emerg ence, plant and 
ear heights, number of ears per plant, kernel row number, ear length, 
ear diameter, and shelled g rain weight. Ear row number, length, and 
diameter were taken only on top ears, and all ear data were recorded 
after the ears had been dried to a uniform moisture level. The test-
cros ses had single- row plots spaced 7 6 cm apart, 16 one-plant hills 
after thinning, and a plant density of 39, 7 Z8 plants / ha. Each experiment 
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was a split-plot design with 10 replications. The whole plots were the 
two sets of testcrosses and subplots, the lot testcrosses. The date was 
recorded per plot when 50% of the plants emerged silks. Measurements 
on 10 competitive plants per plot were obtained for the same plant and 
ear characters as described for the populations. 
The population lots per se and testcrosses of the lots were also 
evaluated in separate conventional yield trials with five replications per 
experiment in three locations for one year. At each location, we had 
four experiments, two for the lots per se and two for the lot testcrosses. 
Each lot per se experiment had six entries, and a randomized complete-
block design was used. We used split-plot designs for the testcross 
experiments in which the main plots were testers and subplots were lots. 
Plant densities after thinning were 43, 055 plants / ha at one location and 
37, 7 66 plants/ha at the other locations. 
We made the following observations in each plot at harvest: plant 
count, grain moisture content in percent, and pounds of ear corn. The 
ear corn weights were converted to q / ha of shelled corn at 15.5 % mois-
ture by using a common conversion factor for shelling percentage on all 
plots. 
Appropriate statistical procedures were used to analyze the data in 
the randomized complete- block and split-plot designs. The population 
lots and testers were considered fixed effects, and the locations, random. 
In addition to testing for differences among lots of a population, the de-
grees of freedom and sums of squares were subdivided into linear, quad-
ratic, and remainder. Also, in the split-plot experiments, the lots x 
testers interactions were similarly subdivided. The lot sizes were trans-
formed to common logarithms to make the calculations for the linear and 
quadratic components. At one location of the yield tests, covariance 
analyses of plant count and yield per plot were used to adjust yields for 
stand differences. 
In the experiments of population lots where individual plant and ear 
data were recorded, we were able to analyze within-plot variability. We 
calculated within-plot variances and transformed these to common loga-
rithms. To determine if there were trends among the lots of a popula-
tion for changes in variability, we regressed yield on the logarithm of 
lot size. 
Because of variation in lot sizes during the generations of reproduc-
tion, differences in rates of inbreeding among the lots would be expected. 
The coefficients of inbreeding for each lot in the successive generations 
were calculated according to the method presented by Falconer ( 1). The 
lot value or number of plants used in each instance for the calculations 
was the value for a 100% stand level in each lot breeding stock. Yields 
were regressed on the inbreeding coefficients for the final generation to 
determine if yield changes could be explained by inbreeding effects. 
EXPERIMENTAL RESULTS 
Any significant differences observed among the population lots per se 
for plant and ear characters will result from changes in genotype f~ 
quencies. Genotype frequencies would change during the generations of 
reproduction because of assortative mating or shifts in gene frequencies. 
If there are shifts in gene frequencies, these may effect the testcross 
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performance. Assortative mating has no effect on gene frequencies un-
less there is differential survival among the genotypes that occur from 
this kind of mating. Results for the evaluations of the lots per se and 
their testcrosses will be presented separately. ---
Mean values are shown in Table 1 for seven plant and ear characters 
measured in one experiment of the BSS and Krug lots. Results of the F 
tests in the analyses of variance are g iven in Table 2. Differences 
among lots are highly significant for all characters in both populations, 
except ear diameter in BSS. F tests of the linear, quadratic, and devi-
ation components show that, with the exception of yield, the variation 
among lots has no relationship to sample size. The decrease from Con-
trol to Lot V is mainly linear in both BSS and Krug, but there are signi-
ficant deviations from the linear model. The predicted yields (on the 
basis of the linear model,. with the independent variable being the loga-
rithms of the .Jot sample size) are shown in Figure 1. Significant differ-
ences on the basis of the L. S. D. (Table 1) suggest that yield decreased 
in BSS because of shorter ear length and, in Krug, because of decreased 
ear length, diameter, and row number. The F tests for the linear com-
ponents (Table 2), however, do not indicate significance for the linear 
trends. 
Table 1. Mean values for seven plant and ear characters of the control 
and five lots in BSS and Krug. 
Days tc)/ Height, cm Ear Ear, cm Yield 
Populations silk Plant Ear row no. Length Diameter q/ha 
BSS 
Control 30.9 2o6. 8 101.8 16. 8 17.6 4.9 47.2 
I 31.6 198.1 96.4 18.1 17.2 4. 8 43.7 
II 30.2 200.4 95 .1 17.2 17.4 4.9 46.3 
III 29.1 199.1 96 .0 17.4 17.3 4.9 45.6 
rJ 30.1 198. 3 96.0 17.9 16.7 4.9 45.1 
v 33. 8 2o8.9 108.9 17.4 16.4 4. 8 39.3 
L. S • D. ( . 05 ) o. 8 4.2 3.8 0.5 0.5 N.S. 2.5 
Krug 
Control 28.9 211.2 105.7 17.2 18.9 4.9 47,5 
I 28.1 206.3 103.3 17.6 19.1 4. 8 48.7 
II 26.7 198. 7 95.0 11.2 18.3 4. 8 44.1 
III 29.3 204.4 102.9 17 .o 17.4 4.9 41.1 
r: 32.0 213.5 109.1 17.0 17.3 4. 8 39.6 
v 29.4 193.9 96.7 15.6 18.1 4.5 35.0 
L.S.D. (. 05) 0.7 4.4 4.6 o. 8 o.8 0.1 3.4 
~Days a~er July 1. 
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Figure 1. The effects of lot si z es on yield of population per se at one 
location. 
Statistical analyses of the within-lot variability revealed significant 
mean squares among lots for only days to silk in BSS and Krug. There 
was no relationship between the magnitude of the within-lot variability 
and mean values of the lots. 
The BSS and Krug lots were evaluated for grain yield and moisture in 
conventional yield performance experiments at three locations in one 
year . Mean data combined over the three locations are shown in Table 3, 
and results of the F tests in the combined analyses are presented in 
Table 4. 
The yield decrease in the BSS lots has a significant linear trend, but 
the deviation mean square is significant because of the lower yield of 
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Lot III as compared with Lots II and IV. Also, the yield decrease in 
Krug has a highly significant linear trend but has a significant deviation 
mean square because of the lower yield of Lot IV as compared with Lots 
III and V. These results are consistent among the locations. The linear 
regression values are - 3. 71 and -7. 61 for BSS and Krug, respectively. 
The results in these experiments agree with yield data obtained in the 
single experiment described previously . 
Differences in grain moisture among the BSS lots are highly signifi-
cant; the highly significant deviations, however, indicate that the varia-
tion in moisture is random among the lots. In Krug the only significant 
F test is for locations x deviations, probably a reflection of random 
sampling variations in the three locations. 
Mean values for eight plant and ear characters in testcrosses of BSS 
and Krug lots obtained in one experiment are presented in Table 5. Re-
sults of the F tests in the analyses of variance are given in Table 6. 
Differences among lot testcrosses are significant, or highly significant, 
in five characters for BSS and six characters for Krug . In BSS test-
cros ses, there is a significant linear trend for increased ear row num-
ber from Control to Lot V . In Krug testcrosses, there are significant 
linear trends for decreased ear row number and increased ear length 
from Control to Lot V. For all other characters in which there are sig-
nificant lot mean squares, the differences appear random among the lots. 
Generally, the expression of differences among the lots is similar for 
the two testers; thus, there are few cases of significance for lots x 
testers. 
' •' 
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Table 3, Mean values for grain moisture and yield of the control and 
five lots in BSS and Krug evaluated at three locations. 
Moisture Yield 
Populations percent q/ ha 
BSS 
Control 23. 8 52.5 
I 23 .3 52.5 
II 22 . 6 52.0 
III 24.4 49.0 
TV 22.5 49.3 
v 22.1 47 .5 
L. S . D. ( . 05 ) 0. 9 3 .6 
~ 
Control 22.1 53 .5 
I 22.1 51.5 
II 22 .1 50.2 
III 22 . 6 42.9 
TV 22.1 39,7 
v 22.5 43.3 
L. S . D. ( . 05 ) N. S. 4.1 
Table 4. Results of F tests in the analyses of variance for grain 
moisture and yield in BSS and Krug at three locations. 
Sources of BSS Krug 
variation D.F. Moisture Yield Moisture Yield 
Lots 5 ** * NS ** 
Linear 1 NS * NS ** 
Quadratic 1 NS NS NS NS 
Deviation 3 ** * NS ** 
Lots x locations 10 NS NS NS NS 
Linear 2 NS NS NS * 
Quadratic 2 NS NS NS NS 
Deviation 6 NS * * NS 
Significant at P = . 05. * '~ Significant at P = . 01. N.S. Nonsignificant. 
Table 5. Mean values for eight plant and ear characters for testcrosses, combined for two 
testers, of the control and five lots in BSS and Krug. 
Days to Height, cm Ear Ear, cm Wt/ Yield 0 
silk Plant Ear Length Diameter 300K, g q/ha M row no. z 
M 
BSS t-3 - H 
Control 34.4 231.2 108.9 16.9 17. 9 4. 8 72. 8 67.6 () 
34.2 108.7 17.6 4. 8 68.9 67.3 
M 
I 232.5 17 .o f-Ij 
34.4 16. 8 17.4 4. 8 74.4 69 . 8 
f-Ij 
II 230.9 110.3 M 




DI 34.2 233.7 109.9 17.4 17. 8 4.9 70.5 68. 7 0 
v 35.0 238.2 115. 0 i s .o 18. o 4.8 73.2 70. 8 
f-Ij 
1:J 




Control 34.6 244.1 124.o 17.3 19.3 4. 8 71. 7 73.7 t-3 0 
I 34.4 237. 8 120.2 17.2 18.2 4. 8 68.8 68.6 z 
H 
II 34 .2 233.3 116. 9 16. 8 18.8 4. 8 70.9 69 .7 z 
III 35.1 23 8.6 122.1 17 .o 18.5 4.7 71.2 70. 8 ~ 
DI 35 .1 244.1 119.4 16. 9 18.5 4.7 67. 3 66 . 5 
H 
N 
34.3 235. 8 118.8 16.5 4. 8 73. 6 
M v 20.2 75. 3 







Table 6. Results of F tests in the analyses of variance for eight plant and ear characters 
in testcrosses of BSS and Krug lots. 
Sources of Days to Height Ear Ear Wt./ 
variation D.F. silk Plant Ear row no. Length Diameter 300K Yield 
~ 
Lots 5 * ** ** ** NS NS NS * 
Linear 1 NS NS NS ** NS NS NS NS 0 
Quadratic 1 NS NS NS ** NS NS NS NS ~ 
Deviations 3 ** ** ** NS NS NS * * 0 
Lots x testers 5 NS NS NS * NS NS NS NS 
[-< 
0 
Linear 1 NS NS NS NS NS NS NS NS 
Quadratic 1 NS NS NS NS NS NS NS NS 
Pl 
::s 







Lots 5 ** ** ** NS ** NS * * M 
Linear 1 NS NS NS * * NS NS ~s [-< 
Quadratic 1 NS NS NS NS * NS NS * 
[-< 
Deviations 3 ** ** ** NS NS NS * * 
Lots x testers 5 NS NS NS NS NS NS NS NS 
Linear 1 NS NS NS NS NS NS NS NS 
Quadratic 1 NS NS NS NS NS NS * NS 
Deviations 3 NS NS NS NS * NS NS NS -
* Significant at P = .05 
** Significant at Pa .01 
N.S. Nonsignficant 
Tab le 7 
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Me an values f or grain moisture and y ield for t estcrosses , 
combined for t wo testers , of the control and five lots i n BSS 
and Krug evaluat e d at three loc ations 
Moisture Yjeld 
Populations percent q/ha 
BSS 
Control 22 .8 58. 8 
I 22. 6 56.8 
II 23 . 1 59 .1 
III 22 .8 58.3 
DI 22. 8 59. 5 
v 22. 0 61.1 
L.S.D. ( . 05 ) 1.1 NS 
Krug 
Control 22.2 55 .3 
I 22 .3 55 .2 
II 22 .3 53 . 5 
III 22. 3 54.5 
DI 22 . 2 54. o 
v 22. 8 57.2 
L. S. D. ( . 05 ) NS NS 
Grain moi stures and yields of the testcrosses, obtained in conven-
tional yield performance experiments at three locations, are shown in 
Table 7. Differences among lots are highly significant for moisture in 
BSS, but all other tests for lots are not significant . The magnitude of 
the lot differences for moisture in BSS is too small to be of practical 
importance. None of the lots x testers interactions is significant. The 
lots x locations interaction for yield is significant in BSS and highly 
significant in Krug . 
The estimated coefficients of inbreeding are 0. 000, 0. 004, 0. 010, 
0 . 024, 0. 062, and 0. 144 for the Control and Lots I, II, III, IV, and V, 
respectively. The control has a coefficient of zero because it was re-
tained in storage during the five generations of reproduction for the lots. 
Also, at the end of the fir st generation, all lots would have coefficients 
of zero because each lot was a sample of the larger storag e lot. In-
breeding actually began in the second gene ration. The calculated coeffi-
cients probably are underestimates of the actual amounts of inbreeding 
because they are based on 100% stands in all reproduction plots, but the 
bias probably is relative among the lots. 
Regression analyses of variance for yield on the inbreeding coeffi-
cients show that the yield decreases observed for the BSS and Krug lots 
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are adequately explained by the inbreeding. The inbreeding effect is 
greater in Krug (b = -69.1 for the single experiment, and b = -53. 9 for 
the experiments at three locations) than in BSS (b = - 36. 3 for the single 
experiment, and b = - 27. 7 for the experiments at three locations). Bur-
ton obtained a yield decrease of 24. 3 q / ha between Krug and a composite 
S 1 population, which would be equivalent to b = - 48. 6 for an inbreeding 
effect. (J. W. Burton, 19 69. Ev.~luation of synthetic populations de-
veloped from Krug Yellow Dent corn by two methods of recurrent selec-
tion. M. S. Thesis. Iowa State University of Science and Technology, 
Ames). 
DISCUSSION 
Our concern with genetic changes in maize heterogeneous stocks dur-
ing reproduction may be considered in two categories because the stocks 
maintained in the Iowa State University maize program are in two groups: 
(a) Some populations are reserve germplasm pools that are not being 
used extensively; (b) some populations, such as the Krug and BSS, are 
being used currently in research studies. Seed stocks of the first group 
are kept in cold storage and are reproduced only as often as necessary 
to maintain seed viability. Our experience indicates that this may be no 
more frequent than once in 15 years if storage conditions are satisfactory 
and seed quality is good. Seed stocks of the second group may need to be 
reproduced more frequently either because new seed is needed in evalua-
tion studies or seed supplies need to be replenished. In some instances, 
reproduction may be as frequent as once in five years. Consequently, 
over a period of years, we need to be more concerned with genetic 
changes in the second group than in the first group. 
Gene frequencies will remain relatively constant in a maize population 
at equilibrium, provided that a large enough sample is used in reproduc-
tion. The ideal way to reproduce a heterogeneous population is to grow 
it in isolation from other varieties in a plot that would include several 
thousand plants. It if is necessary to reproduce such stocks in small 
breeding plots by controlled hand pollinations, however, small numbers 
of plants must be used. In these small samples gene frequencies may 
not remain constant. The degree of genetic drift depends upon the initial 
gene frequency and the population size. In small populations maintained 
by random mating, as in this study, there must be changes in gene fre-
quencies or assortative mating to permit inbreeding to occur. 
Yield data of the population lots indicate that genetic changes occurred 
during the generations of reproduction. The observed yield decrease 
parallel to lot size decrease suggests an inbreeding effect. The most 
likely reason for the yield depression in the lots is decreased frequencies 
of heterozygous genotypes at loci where overdominance occurs. Either 
changes in gene frequencies or assortative mating could cause a decrease 
in heterozygous genotypes. Genetic changes affecting yield in the popu-
lation lots were small or were not expressed in the testcrosses. Mask-
ing effects of the tester parents, however, may have obscured gene fre-
quency changes in the populations. Our results are similar to those 
reported by Terregroza (8). 
If there was significant inbreeding depression in yield because of the 
decrease in lot sizes, then similar effects may have been expected for 
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other characters. Inbreeding effects in maize usually are reflected in 
later maturity due to slower plant development, decreased plant and ear 
heights, and smaller ear size. None of these plant and ear characters 
showed definite evidence of having been affected by inbreeding. Types 
of gene action may be the simplest explanation for these observed re-
sults. The inbreeding effect is greatest if there is some overdominance 
and epistasis among overdominant loci. Russell and Eberhart (6) found 
that nonadditive gene action in three short chromosome segments is of 
g reater relative importance for yield than for other agronomic charac-
ters. They found evidence of significant over dominance in yield at two 
loci. Similar types of gene action for the characters evaluated in BSS 
and Krug could explain the results. 
Genetic changes could occur during the reproduction of heterogeneous 
maize populations in small samples because of environmentally-induced 
selection. Although selection may be unintentional in a system of con-
trolled hand pollination, some selection of the more vigorous plants may 
be difficult to avoid. Assortative mating may occur because of crossing 
early with early and late with late plants. Unless the maize breeder is 
able to use stringent controls in his hand-pollinated, random-mating 
methods, the probability of picking the more favorable gene combinations 
would perhaps be greater in small samples than in large samples. How-
ever, this selection of more favorable gene combinations should cause 
increased yields instead of decreases as we observed. Consequently, 
genetic changes because of differential selection among lot sizes for 
favorable genotypes may not have been important. 
In the evaluation of the population lots, we observed a greater yield 
decrease in Krug than in BSS. If the relative importance of nonadditive 
gene action was greater in Krug than in BSS, this would explain the 
greater inbreeding depression in Krug. Sample size may have been an 
important factor. More plants were lost in Krug than in BSS because of 
lower stand establishment, disease, and root and stalk lodging. Conse-
quently, the effective plant numbers during the reproduction phases 
probably were less in Krug than in BSS. 
Probably many more than five generations of reproduction of the lot 
sizes used are required before genetic changes in several characters 
can be detected. Random fluctuations may occur in the early phases, 
but definite trends may become evident only after 10 to 15 successive 
generations of reproduction. 
The original purpose of this study was to determine if a heterogene-
ous maize breeding population can be maintained with fewer than 500 
plants per generation without resulting in significant genetic changes. No 
important changes in the agronomic charac1ters, except yield, were ob-
served for the lot sizes used. Some yield decreases in the lots were 
observed for the 200-lot size, and significant decreases were observed 
for the 80-lot size. Gene frequency changes were not great enough to 
affect testcross performance. Consequently, the data indicate that a 
200-plant sample may be adequate for reproduction of heterogeneous 
maize populations by hand pollination. If some yield decrease can be 
tolerated and reproduction is infrequent, such as once in 10 to 15 yeairs, 
an. 8 0 -plant sample may be adequate. The frequency of reproduction 
must be considered in determining the minimum number of plants to use. 
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MANIPULATION OF CROSSING OVER IN ZEA MAYS L. 
BY ACTINOMYCIN D 1 
James J. Mock2 
A BS TRACT . T o t e s t th e e ff e c t s o f a c t i n o my c i n D o n 
crossing over in Zea mays L. and to investigate pos-
sibilities of usingactinomycin D for recombination 
enhancement in a practical plant breeding program, 
F 1 corn plants, heterozygous for several " marker 
genes " on chromosome 2, were injected premeiotically 
with four concentrations of the antibiotic. Crossover 
percentages were calculated from F 2 and testcross 
data, and comparisons of values from treated and un-
treated plants were evaluated. 
Generally, the highest concentrations decreased 
c r o s sing ov er, but re s pons e s were inc on s is tent be -
tween years. Crossing over in the centromere region 
of chromosome 2 was decreased, but it was enhanced 
in the distal regions. The unexpected year effects and 
year x treatment interactions were probably the result 
of a milieu of uncontrolled " background factors " (tem-
perature, light, moisture, etc.) interacting with a c -
tinomycin D and confounding its effect. 
Results indicated that actinomycin D would be of 
little value as a recombinogenic factor in a practical 
plant breeding program . 
INTRODUCTION 
Linkage is expressed phenotypic ally by parental combinations of traits 
occurring in hybrid offspring in a higher frequency than expected by in-
dependent assortment. New combinations of linked traits result from 
" crossing over," a phenomenon that involves the exchange of comparable 
parts between two homologous chromatids and is measured as a recom-
bination of phenotypic traits. 
Linkage can often be a handi c ap to t he plant breeder, especially in 
self-pollinated crops, because, where linkage exists between loci for 
two traits, the segregating generations of a cross between strains w ill 
give a majority of progeny with parental genotypes. Recombination of 
the two traits will be a function of the distance separating the linked 
genes. If tightly linked loci are in undesirable parental combinations, 
1 Journal Paper No . J-6585 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project 17 52. In cooperation with the 
Crops Research Division, Agricultural Resear c h Service, U.S. Depart-
ment of Agriculture. 
2 Assistant Professor of Plant Breeding. 
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selection of progeny with new and desirable combinations is difficult. 
Cons equently, " ... close linkage between desirable and undesirable 
genes can drastically delay the progress of breeding programs " (Allard 
19 60) . In such situations it would be expeditious if the plant breeder 
could e mploy breeding plans or auxiliary techniques that temporarily 
enhance recombination. 
My objectives in this study were to test the effects of the antibiotic, 
actinomycin D, on crossing over in Zea mays L. and to investigate the 
possibilities of using this extrinsic factor to enhance recombination in a 
practical plant breeding prog ram. 
LITERATURE REVIEW 
Several extrinsic factors are k nown to increase crossover frequencies . 
Differential temperature treatments produced significant crossover in-
creases in the centromere reg ions of Drosophila chromosomes (Plough 
19 17, 1921). White (1934) found similar results (but no centromere effect) 
with temperature treatments of three species of locust. Crossing over 
within and adjacent to a paracentric inversion in barley was enhanced by 
elevated temperatures applied by Powell and N ilan ( 19 63). They sug-
ge sted that in a crop improvement prog ram, genetic recombination may 
be enhanced by adjusting the temperatures under which the F 1 plants are 
g rown, thereby g iving a wider choice of g enotypes for selection. 
Both severe radium radiation (Plough 19 24) and X-ray treatments 
(Mavor and Svenson 19 24a , 19 24b) produced enhanced recombination in 
Drosophila. Stadler ( 19 28 ) observed no effect of radiation treatment on 
intergenic crossing over in maize, but Briggs and Smith ( 1965) found 
x- radiation both increased and decreased intragenic recombination at the 
waxy locus. 
Recent evidence suggests that various chemicals may be useful in the 
manipulation of crossing over. Steffensen et al. (1956) observed in-
creased crossing over in Drosophila reared o~ media containing 0. 01 M 
ethylene diamine tetraacetic acid (EDTA) plus 0. 0 4 M potassium. Kauf-
mann et al. ( 1957) demonstrated that ribonuclease increased meiotic 
cross:i.Ilgover in the X-chromosome of Drosophila. Intensity of the modi-
fication depended upon concentration and was hig hest in the centromere 
region. Another " recombinogenic " chemical, mitomycin C, was studied 
by Suzuki ( 19 65 b). Recombination in Drosophila was significantly in·-
creased by 10 and 100 µg/ml concentrations of this chemical. Later, 
Suzuki ( 1963, 1965a) showed significant increases in crossover frequency 
were induced in all marked regions of Drosophila chromosome 3 by 10 and 
100 µg / ml concentrations of actinomycin D. No effect was produced by 
1. 0 µg/ ml. The greatest effect was observed in the centromere region. 
He proposed that the heterochromatin around the centromere is actively 
involved in DNA-mediated RNA synthesis at the time of crossing over 
and this activity prevents crossing over. Actinomycin D, therefore, in-
activates the region by causing a structural change and permits increased 
crossing over, possibly by allowing more intimate synapsis. This hypo-
thesis is supported by work of Reich (1964), which demonstrated that 
actinomycin D binds to portions of the DNA template normally partici-
pating in RNA formation, causing a direct steric inhibition of RNA poly-
merase. Further support is recent evidence (Simard 1967) that actino-
mycin D binds more tightly to heterochromatin than to euchromatin. 
CROSSING OVER IN CORN 
No reports of the influence of actinomycin D on crossing over in 
higher plants are found in the literature. 
MATERIALS AND METHODS 
515 
The genetic stocks of maize used in these experiments were obtained 
from Dr. E. B. Patterson of the Maize Genetics Cooperation a t Urbana, 
Illinois. The chromosome of interest and its respective marker g enes 
are illustrated in Figure 1. 
sk 
( I I ) ( 3 0) ( 56) ( 68) ( 83) 
Figure 1. Multiply marked chromosome 2 stock. Map distances are 
according to Neuffer, Jones, and Zuber ( 19 68). Gene sym-
bols are: lg 1 = liguleless leaf, gl2 = glossy seedling, sk = 
silkless ear, fl 1 = floury endo sperm, v 4 = virescent seedling . 
During the summers of 1966 and 1967, heterozygous F 1 stocks were 
produced by crossing the genetic stock with homozygous dominant inbred 
lines, Ml4 and B 14. Since the marker stock contained a g ene that af-
fected the ear of the plant (sk = silkless ) , I used Ml4 and Bl4 as ear 
parents. The Ml4 x chromosome 2 and Bl4 x chromosome 2 crosses 
will be designated hereafter as crosses I 2 and II2, respectively. 
To provide plants for actinomycin D treatment, eras ses I 2 and II2 
were planted in eight alternating 7 5- cm rows with 25 plants per row at 
the A g ronomy and Agricultural Engineering Research C enter, Ames, 
Iowa, in 19 67 and 19 68 . Concentrations of actinomycin D used were: 
0. 00 % 
0.001 % 
0. 005 % 
o. 01 % 
H 20 + 9 5% ethyl alcohol 
0. 01 mg actinomycin D / ml H 20 
0. 05 m g actinomycin D / ml H 20 
0. 1 mg actinomycin D / ml H 20 
Solutions were prepared within one hour of use by dis solving a ctino-
mycin D in two or three drops of 9 5% ethyl alcohol and adding distilled 
water to attain the appropriate concentrations. The control solution 
(0. 00 %) was prepared by adding two or three drops of 95% ethyl alcohol 
to 10 ml of distilled water. One and one-half cc of a concentration were 
injected into the tassel of each of three plants when they were in the pre-
meiotic-to-very- early-meiotic stages of development (7. 5 expanded 
leaves for cross I 2 and 9 expanded leaves for cross II2) . Injections were 
made with 1 cc disposable tuberculin syringes equipped with number 27 6 
Yale hypodermic needles. Wounds were wrapped with masking tape to 
prevent solution leakage f rom the punctures. 
All growth abnormalities, noticeable sterility, and tissue or plant 
death were noted. Each treated plant wa s self-pollinated unless the 
actinomycin D destroyed the tassel or ea r shoot, in which instances 
plants were testcrossed. Three untreated check plants of each cross were 
selfed, and one was testcrossed. 
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Following harvest in 1967 and 1968, progeny from treated and check 
plants were classified for crossovers in the marked chromosomes by 
categorizing F 2 or testcros s seed for appropriate endosperm traits. I 
classified 300 seeds per F 1 plant, except for several with poor seed set 
for which I classified the largest number possible. The samples fitted 
the expected ratios for normal vs. floury ( 1: 1) seeds. Plants from these 
F 2 and testcross seeds were classified in the field for seedling and 
mature plant traits determined by the genes on the test chromosome. 
I used Fisher's product method (Immer 19 30) to calculate crossover 
frequencies from F 2 data, and I used three-point linkage tests to com-
pute crossover percentages from testcross data. 
Cros saver frequencies were analyzed by an analysis of variance for a 
completely random design with unequal replication. Also, the data were 
analyzed by testing the ratio ptf p
0 
(Suzuki 19 62) , where Pt and p
0 
are the 
linkage intensities for a particular chromosome region in treated and 
check plants, respectively. I plotted each chromosome region against 
its respective Ptl Po ratio, assuming that any ratio and its 95 % confidence 
limit that did not span 1. 0 represented a significant deviation. The 9 5% 
confidence limit was calculated by using the following formula (Suzuki 
19 62) 
1 
95% C. L. = ptfp0 · e± 2 [Var (lnpt - lnp0 ) F 
where Var (lnpt - lnp0 ) = (1-pt) / ptnt - (1-p0 )/p 0 n 0 ; pt and p 0 are the 
crossover frequencies described previously, and nt and n
0 
are the num-
bers of offspring from treated and check plants, respectively. 
RESULTS 
Physiological and physical effects of actinornycin D injections were 
leaf tissue death and disintegration (especially in the top whorls) and 
burned, stunted tassels. AJ.l phytotoxic effects were associated with 
0. 005 % and 0. 01 % injections, and cross 12 was more severely affected 
than cross II2 • Specifically, 0. 005 % solution produced dead and burned 
leaves, and 0. 01 % treatment caused leaf tissue damage and failure of 
tassel and ear development. (In 1968, one-half the plants treated with 
0. 01 % actinomycin D failed to develop ears. ) All plants treated with 
these two concentrations displayed stunted growth and some were par-
tially sterile. 
There was variability among cros saver percentages for all regions 
and for the total lg 1-v4 segment (referred to hereafter as total crossing 
over) of chromosome 2 for plants in the 19 67 actinomycin D experiment 
(Tables 1 and 2). No consistent treatment effect existed except, relative 
to check values 1, mean total crossing over of 0. 01 % treated plants was 
reduced (68. 3% vs. 75. 1% and 54. 3% vs. 82. 6% for the treated and check 
values of crosses 12 and II2, respectively). Crossing over in the lg 1-gl2 
region of both crosses was decreased, but other regions were affected 
inconsistently. All regions of 0.01 % treated plants of cross II2 were de-
creased, whereas in cross 12, this treatment decreased only the lg 1 - gl2 
region. 
1 Hereinafter, all comparisons, unless otherwise stated, are made 
relative to check values. 
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Table 1. Crossover percentages for each region of chromosome 2 
obtained for cross #I2 in 1967. 
Actinomycin D 
concentration 
and plant Chromosome reEjiOn Total 
number lgl-gl2 gl2-sk sk-fl1 fll-v4 segment 
o.oo'fo (HTO + 
E OH) 
1 22.2 23.6 11.6 29.7 s-r.o 
2 19.5 25.5 10.0 23;1 78.1 
3 27.6 27.0 4.1 8.9 67.6 
Mean 23.1 25.3 8.5 20 .5 77 . 5 
0.001'/o 
1 23.3 26.1 8.2 25.4 83.1 
2 21.0 35.1 5.3 18.7 80.1 
3 21.3 29.1 6.4 20.5 77.2 
Mean 21.9 30.1 6.6 21. 5 8o.2 
0.005'/o 
1 14.2 27.5 1. 0 23.9 66.6 
2 26.4 28.0 6.2 24.8 85. 4 
3 27.3 30.4 10.0 20.7 88.4 
Mean 22.6 28.6 5.7 23.1 80.1 
0.01'/o 
1 14.5 30.4 5.3 18.2 68.3 
Check 
1 24.0 24.0 6.o 15. 8 69.7 
2 20.9 23. 5 4.1 21. 7 70.2 
3 28.2 31. l 4.8 21.2 85.4 
Mean 24.4 26.2 5.0 19.5 75.1 
Great variability among estimates also existed in 1968 (Tables 3 and 
4). Mean total crossing over was lower in 1968 than in 1967 for any 
treatment, but there were inconsistencies. For example, total crossing 
over in the check plants of cross II2 was greater than cross 12 in 1967 
(82. 6% vs. 75. 1%), but in 1968, total crossing over was greater in cross 
12 ( 62. 8 % vs. 59. 4%). Averaged over years, however, means of total 
eras sing over in the checks were identical; i.e., 69 . 8% and 69. 3% for 
crosses 12 and II 2, respectively. 
In 1968, actinomycin D tended to increase total crossing over. All 
treatments increased total recombination for cross II2 , whereas in cross 
12 it was increased by 0. 001 % and 0. 01 % (Tables 3 and 4). Crossover 
percentages for the lg 1-gl2 region of both crosses were increased by all 
treatments, but they were decreased in 1967. Such inconsistent results 
are reflected in the analyses of variance (Table 5) which g ave significant 
mean squares for years and years x treatments for total crossing over 
and significant years and years x crosses mean squares for crossover 
frequencies in the lg 1-gl2 and gl2-sk regions. 
Analyses of crossover percentages by Pt/ p
0 
values (Figures 2-6) also 
showed inconsistent effects of the treatments. For example, in 19 67 
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Table 2. Crossover percentages for each region of chromosome 2 
obtained for cross #II2 in 1967 
Actinomycin D 
concentration Chromosome region and plant Total 
number lg1-g12 gl2-sk sk-fl1 fll-v4 segment 
o.oO'fo (H2o + 
ETOH) 
1 ~.7 26.6 5.8 19.2 78.2 
2 24.9 29.0 9.4 27.6 90.9 
3 18.2 27.8 9.3 19.9 75.2 
Mean 23.2 27.8 8 .2 22.2 81.4 
0.001% 
1 18.1 23. 7 12.l 13.6 67.5 
2 21.7 25.5 13.l 12.7 73.1 
3 18.9 24.3 7.1 13.4 63.6 
Mean 19.6 24.5 10. 8 13.2 68.1 
0.005% 
1 21.7 27.3 8 .5 13. 7 71.2 
2 19.2 24.2 2.8 32.3 78.5 
3 21.3 19.1 14.7 19.l 74.3 
Mean 20.8 23.6 8 .6 21. 7 74.6 
0.01% 
1 19.9 15.8 0.0 o.o 35.7 
2 20.5 24.7 3.1 11.2 59. 5 
3 21.4 30.8 7.6 8.1 67.8 
Mean 20.6 23.7 3.6 6.4 54.3 
Check 
1 22.1 28 .6 3.2 20.4 74.4 
2 26.1 21.0 6.1 19.9 79.1 
3 20.1 25.3 16.4 23.1 84.9 
4 24.8 26.7 l0.9 29.7 92.1 
Mean 23.3 26.9 9.2 23.3 82.6 
(Figures 2 and 3), crossing over in the lg 1-gl2 region of both crosses 
was decreased by all treatments (three were significant), but in 19 68 
(Figures 4 and 5), this region of both crosses was increased by all 
treatments (three significant). Likewise for cross II2, 0. 01 % actino-
mycin D reduced crossing over in all regions in 19 67 but increased it 
in 1968. In each year the sk-£11 and £1 1-v4 regions showed significant 
differences. Alcohol control affected cross 12 more than cross II2 ; how-
ever, 0. 01% produced greater effects in cross II2 than 12 • The 0. 005% 
concentration produced little effect in either cross. 
Ratios for the crossover percentages of the total lg 1-v4 segment of 
chromosome 2 were affected more by actinomycin D' in cross II2 than in 
cross 12 each year (Figure 6). Also, crosses reacted differently be.:: 
tween years; e.g., cross II2 was decreased by all treatments in 1967, 
but increased by them in 1968. 
Mean magnitudes of significant p/p
0 
ratios (significantly different 
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Table 3. Crossover percentages for each region of chromosome 2 
obtained for cross #I2 in 1968 
Actinomycin D 
concentration 
Chromosome re5ion and plant Total 
number lgl-gl2 gl2-sk sk-fl1 . fll-v4 segment 
0.00% (~o + 
ETOH) 
1 18 .4 18 .6 1.6 18. o 56 . 6 
2 24.0 16.9 1.9 13. 5 56.3 
3 16.2 18 . 8 10.0 15.2 60.2 
Mean 19.5 18 .1 4.5 15.5 57.7 
0.001% 
1 17.0 28.4 8.9 18.8 73.0 
0 .005% 
1 15.4 18.8 9.1 15 . 1 58.4 
2 15.8 19.7 7.9 18.4 61.8 
3 14.0 19.5 7.7 13.6 54.8 
Mean 15.1 19.3 8 .2 15. 7 58 .3 
0.01% 
1 15.9 21.4 8 .3 19.3 64 .8 
Check 
1 14.3 21. 8 9Al 13.7 59.0 
2 13.5 20.4 10.0 26.5 70.4 
3 16.7 17.3 13.6 13.6 61.2 
4 14.3 16.1 11. 5 18 .9 60.8 
Mean 14.7 18 .9 11.1 18 .2 62. 8 
from 1. O at 5% level of probability) for each treatment and chromosome 
region averaged across both crosses and both years (Table 6) showed 
that the greatest magnitudes of effects (sign i gnored) were generally 
produced in the lg 1-gl2 and £1 1-v4 ( centromere) regions. The f1 1-v4 region 
was g enerally decreased (most drastically by 0. 001 % and 0. 01 %) , where-
as crossing over in the other regions was increased. Similarly, the 
g reatest magnitudes of significant effects were produced by 0. 001 % and 
O. 01 % concentrations. The 0. 01 % treatment tended to consistently re-
duce recombination, whereas the other treatments increased it. 
Note, however , that crossover responses to the various treatments 
were quite erratic between years. This inconsistency caused genera-
lized conclusions to be less substantiated than if consistent results had 
been obtained. 
DISCUSSION 
Crossing over is a variable phenomenon (Gowen 1919 and Stadler 1926), 
and inherent variability was evident within treatments in these experi-
ments. However, i nconsistencies of crossing over responses to actino-
mycin D treatments (especially to the 0. 01 % concentration) were un~ 
expected and perplexing . The maize g enetic stock used carried a 
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Table 4. Crossover percentages for each region of chromosome 2 
obtained for cross #II2 in 1968 
.Actinomycin D 
concentration Chromosome region 
and plant Total 




0 ) + 
ETOH) 
1 11. s 25.7 8 .2 7.9 59.5 
2 16.7 21.7 7.2 11.9 57.5 
3 19.1 20 .6 6. 8 23.1 69.7 
Mean 11.9 22.7 7.4 14.3 62.2 
0.001% 
1 18 .2 22.2 10.2 16. 8 67.4 
2 16.4 23 .1 8 .2 11.9 59.7 
3 20. 8 18 .3 11. 4 12.2 62.7 
Mean 18 .5 21.2 9 . 9 13.6 63.2 
0.005% 
1 21.4 19.6 14.3 14.3 69.6 
2 25.9 25.2 8 . 4 9. 1 68 .5 
3 19.1 18 . 8 8.1 18.7 64.7 
Mean 22.1 21.2 10.3 14.0 67.6 
0. 01% 
1 22.6 21. 8 13. 5 22.6 80.4 
2 11.2 26.1 13.4 20 . 9 77 .6 
Mean 19.9 24. 0 13. 5 21 . 7 79.0 
Check 
1 16.2 19.4 9.0 16.2 60.9 
2 18 .9 16.o 6.4 12.9 54.2 
3 15.9 26.1 8 .3 12. 8 63 .1 
Mean 11.0 20.5 7 .9 14.0 59.4 
multiply-marked chromosome which was heterochromatic in the centro-
mere region. The Drosophila stocks used by Suzuki (1965a) were sim.i-
lar; thus, the erratic results I obtained should not have resulted because 
of inappropriate genetic materials. Of course, differing chromosome 
quality in these two organisms is possible, but this does not explain 
differential year effects. 
Decreased total crossing over with 0. 01 % actinomycin D injection in 
1967 and increased total crossing over by the same concentration in 1968 
sugg est that environmental conditions (background factors) may have 
interacted .with actinomycin D. Temperature is known to modify cross-
ing over (Plough 1917, 1921 and Powell and Nilan 196 3), but temperature 
alone could not satisfactorily explain the reversal I found. Since the 
checks were g rown in the same rows as the treated plants, temperature 
differences should have also modified crossing over in them, but it did 
not. If, however, temperature interacted specifically with actinomycin 
D (pos sibly by degradation) in 1967 and not in 19 68, the variable nature 
of the chemical could have produced inconsistent results. Daily tem-
peratures for July 1967 and 1968 showed no appreciable differences in 
Table 5. Mean squares from analyses of variance of crossover percentages (transformed to 
arcsin ".fx) for each region and the total segment (lg1-v4 ) of chromosome 2 
Source of Total 
variation D.F. lg1-g12 gl2-sk sk:..fl1 fll-v4 segment 
Years 1 0.03 8** o.o6o* 0 . 004 0.104 0.233** 
Crosses 1 0.002 0 .000 0.082 0.001 0.000 
Treatments 4 0.001 0.001 0. 048 0.033 o . OOT 
Years x crosses 1 0 . 006* 0.008* 0.026 0.011 0 . 028 
Years x treatments 4 0.003 0.001 0.024 o.oo6 0.049* 
Crosses x treatments 4 0. 002 0.004 0.019 0.017 0.011 
Years x crosses x 4 0.002 0.001 0.013 0.006 0 . 016 
treatments 
Error 35 0.001 0.002 0 . 038 0.034 0 007 
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chromosome 2 for each actinomycin D treatment [ 0. 005 % treatment 
of 12 (1967) and 0. 01 % treatment of 12 (1968) and II2 (1968) have zero 
95 % confidenc e limits]. 
Table 6. Mean magnitudes (%) of significant pr/p values for each 
actinomycin D treatment and region o cRromosome 2 
Chromosome Act inom:t:cin D concentration 
region 0.00% 0.001% 0.005% 0.01% 
lgl -gl2 +33 -13 +30 -32 
gl2-sk +3 +32 +9 
+14 
sk-f11 
+12 +25 0 -19 
fll-v4 0 -43 +18 -41 
CROSSING OVER IN CORN 525 
mean maxima or minima during the periods of meiosis for the two years. 
Although these were not microclimate temperatures, they showed no 
gross temperature differ enc es existed. Neither were maximum-
minimum interactions significantly different between years. Therefore, 
temperature alone probably produced no interacting background effect. 
Several environmental conditions (temperature, moisture, light inten-
sity, etc.) interacting to upset the internal balance of meiotic cells and 
confound actinomycin D effects, of course, are possibilities. This, 
however, would not explain the significant year x treatment interaction 
for total eras sing over. 
Several techniques used in treating the plants contained uncontrollable 
factors which could have caused different treatment effects between years. 
For example, dilution of the chemical by cell sap and cell contents was 
not controlled.; therefore, actual concentrations of actinomycin D in the 
tissue or at the point of crossing over were probably much lower than 
the concentrations originally injected. Different " actual" concentrations 
could have produced variable results. Also, different concentrations 
could have interacted with background factors. 
Another variable factor could have been movement of the chemical to 
reproductive t i s sue. It must be assumed that actinomycin D eventually 
reached the growing point since plants treated with high concentrations 
(0. 005% and 0. 01 %) displayed deformed tassels and partial sterility. ' It 
is conceivable, however, that background factors affected translocation 
(Leopold 19 64) and the chemical did not arrive in meiotic cells of all 
plants in time to affect eras sing over. 
At another segment of the study, variable penetrance of genes in the 
two years could hq.ve caused differential progeny classifications and in-
consistent, apparent eras sing-over responses. This variation could be 
detected by different inheritance patterns for individual genes in the two 
years. Chi-square tests indicated inheritance patterns for the various 
genes were similar across years; consequently, errors in classification 
probably contributed little to the erratic results. 
I did not have appropriate data to determine if any of the factors 
enumerated actually interacted with actinomycin D; therefore, no definite 
conclusions concerning their effects on eras sing over in corn can be 
made. Likewise, no satisfactory explanation can .be given for differen-
tial yearly results. It would be necessary to conduct additional special-
ized experiments to provide conclusive explanations. 
To be expeditious to a practical plant breeding program, auxiliary 
techniques for manipulating crossing over must satisfy four ctiteria: 
1) they must be relatively nonphytotoxic, 2) they must be nonmutagenic, 
3) they must be relatively easy and inexpensive to use, and 4) they must 
significantly increase recombination. Actinomycin D does not favorably 
satisfy any of these requirements. 
Concentrations greater than 0. 005 % were harmful, both physically 
(tissue death and disintegration) and physiologically (stunted growth and 
partial sterility); thus, high concentrations of the chemical could not be 
used by plant breeders. Low concentrations, however, were not phyto-
toxic if applied for short periods, but effects of prolonged applications 
of low concentrations are not known. 
No noticeable mutations were produced by actinomycin . D treatment 
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in thes e experiments, but Jain and Singh (1967) observed chromosome 
breakage and suppression of meiosis with actinomycin D treatment of 
locust. These phenomena could result in gross rearrangements and 
alterations of genetic materials which, in turn, could cause mutations. 
Therefore, actinomycin D could be mutagenic as well as recombinogenic. 
Any technique used to increase recombination would be of value only 
if it could be applied to a breeding population with relative ease and 
little expense. The method of application would be dependent upon in-
tended use; i.e., to break undesirable linkage would require treatment 
of individual plants, but in a recurrent selection program blanket treat-
ments would be necessary. 
At present, actinomycin D must be applied premeiotically by injec-
tion of individual plants. Blanket applications would require basic knowl-
edge of movement of the chemical in the plant, its period of availability 
to meiotic cells , and effects caused by prolonged exposure; none of which 
is known. The greatest limitation to using actinomycin D on a population 
basis, however, would be the cost ($ 10 / mg). Small quantities (µg) are 
used for treating individual plants, but application to field plots would 
require much larger amounts and would make the cost prohibitive. 
The general inconsistency of effects of actinomycin D and reduced 
recombination caused by the highest concentration in these experiments, 
suggest that the chemical probably could not be confidently used for 
crossover enhancement in a practical breeding program. 
CONCLUSIONS 
Although results were somewhat inconsistent and variable, they sug-
gested the following conclusions: 
1) Largest significant effects, measured by Pt f Po values, were caused 
by 0. 001 % and 0. 01 % actinomycin D. 
2) Chromosome regions were affected differently by actinomycin D 
injections with the centromere region being generally decreased 
and the other regions generally increased. 
3) Total recombination (for entire lg 1-v4 segment of chromosome 2) 
was decreased by the highest actinomycin D concentration. 
4) An undetermined milieu of background factors probably caused the 
inconsistent year effects and the year x treatment interactions. 
5) Actinomycin D would be of little value as a recombinogenic factor 
in a practical plant breeding program. 
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SPECIAL METEOROLOGICAL DATA NEEDS FOR AGRICULTURE 1 
R.H. Shaw2 
A BS TRACT. T o d e f i n e th e s p e c i a 1 m e t e o r o 1 o g i c a 1 n e e d s 
for agriculture, it is first necessary to obtain some 
concept of user requirements. In terms of these re-
quirements, the station network density and observa-
tions to be made can be determined. Each meteoro-
logical parameter required is then briefly discussed. 
There are many different types of agriculture, and each can require 
quite different observations- both as to type and density of the station 
network. This makes the meteorological data needs for agriculture dif-
ficult to define. To define the special needs for agriculture, it is neces-
sary to describe the total needs, both as to ·observation and density re-
quirements, to see how these fit into present observational networks, 
and then to determine additional requirements. Instrument specifications 
will largely be ~gnored in this paper, these will be left to specialists in 
each area. However, some general requirements as to accuracy will be 
stated. 
There has already been considerable effort toward the standardization 
of observations. The World Meteorological Organization ( 19 61, 19 63) has 
is sued two publications relative to this, " Guide to Meteorological Instru-
ment and Observing Practices " and " Guide to Agricultural Meteorological 
Practices. " The Environmental Science Services Administration ( 1967) 
has published a " Federal Plan for a National Agricultural Weather Ser-
vice. " A North Central Regional Committee prepared a bulletin, now 
somewhat outdated, "The Agricultural Weather Station: Its Instruments, 
Observations and Site Requirements ' ' (Newman et al. 1959). No doubt, 
similar publications are available in other countrie~ These publications 
should be considered in describing any meteorological data needs for 
agriculture. 
Defining the User Requirements 
In the " Federal Plan for a National Agricultural Weather Service," 
Environmental Science Services Administration ( 1967), the user require-
ments are stated: 
Journal Paper No. J-6651 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project 1280. Presented at the Amer-
ican Meteorological Society Symposium, Meteorological Observations 
and Instrumentation, Feb. 10-14, 1969, Washington, D. C. 
2 Professor, Agrioultural Climatology, Agronomy Department, Iowa 
State University, Ames, Iowa 
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" Of the many factors affecting the success or failure of agricul-
tural enterprises, none plays a more decisive role than weather. 
Farmers are particularly vulnerable to this elemental force over 
which they have little control. Weather manifests its influence in 
agricultural production through its effects on the soil; on plant 
growth, development, yield, and composition; and on practically 
every phase of animal growth and production. The fact that basic 
relationships exist between weather and yield or productivity of 
agricultural pursuits has been well established; however, the de-
gree to which weather information may be profitably applied to the 
solution of agricultural problems by the users depends upon several 
interrelated considerations: 
a. The detailed extent of crop or livestock response to one or 
more weather factors; 
b. The climatic probability of occurrence of the several influ-
ential weather elements; 
c. The ability of the agriculturist to make and act upon alterna-
tive decisions, based upon timely weather information, which 
result in economic gain (or avoidance of loss). 
In order to design an agricultural weather service, it is neces-
sary to determine the user requirements in terms of specific 
information needed to support equally specific operational decisions. 
Since these user requirements are continually changing, agricul-
tural user groups (i.e., farmers and other agricultural program 
decision makers) must be queried on a regular basis as to their 
meteorological data requirements. " 
These user requirements are primarily for agribusiness and con-
sidered only from the forecasting standpoint. Research user require-
ments must also be considered as well as additional agribusiness re-
quirements. Research requirements here do not mean the very special 
needs of researchers requiring many special observations at a site, but 
only those where routine network data can be of use. Fortunately, many 
of these are the same as for agribusiness users. 
To show the range of user requirements, part of the categories listed 
in the Federal Plan are shown in Table 1. These are only a sample of 
the users of agricultural weather information. An example of the re-
quirements for cotton producers is shown in Table 2. The weekly time 
period is probably the most important one management decisionwise, 
with many decisions made on Monday morning. Because each user has 
a wide range of requirements, to specify one set of station requirements 
is virtually impossible unless the station is exceedingly comprehensive 
in its observations. In this latter instance, many of the observations 
would not be needed by certain categories of users. 
Present Networks 
First-order stations are too scattered and not normally well located 
for a suitable agricultural network. These are the stations in the synop-
tic network. In many instances, particularly the larger cities, 
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Table 1. Examples of categories of agricultural weather users as given 
in the Federal Plan for a National Agricultural Weather Ser-
vice (Environmental Science Services Administration, 19 67). 
I Agricultural Producers 
a. Cotton 
b. Citrus 
c. Dairy and Livestock 
d. Apples 
e. Greenhouse Operator 
f. Producers (General Activities ) 
II Supporting Services 
a. Spraying and Dusting - aerial application 
b. Spraying and Dusting - ground application 
c. Fertilizer Applicators 
d. Others to meet needs as they develop 
III Shippers, Processors and Marketers (General Activities) 
observations often are not representative of agricultural conditions; yet, 
certain parameters are measured only at these stations. This presents 
a real dilemma for the present. 
For many problems, agriculture has the climatological network as its 
primary network of weather observations. The climatological network 
provides inadequate information with regard to our air, soil, and water 
environment, particularly as it affects the biosphere. This does not in 
any way detract from the past importance of the cooperative observers, 
but the time is overdue when we must begin to record more information 
on our physical environment than simply maximum and minimum tem-
perature and 24-hour precipitation totals. 
The bench-mark station was a good idea, but this network should be 
strengthened to include more information on the air and soil environ-
ment. A modern network must utilize modern recording equipment so 
as to provide data in a form that can be rapidly processed by electronic 
data-processing techniques. 
The final agricultural network does not require all new sta'tions. 
Present stations could increase their observation of meteorological 
parameters. Networks, such as the hydrologic, or special networks, 
such as water shed networks, could be supplemented and combined to 
provide a more adequate agricultural network. 
Network Density 
In a relatively few areas of the United States, a special agricultural 
network has been inaugurated (Fig . 1) . The density of stations required 
in such a network depends upon the type of farming present. The Wea-
ther Bureau3 has analyzed its present networks and arrived at the net-
TUnpublished, undated mimeograph, Engironmental Data Service, 
Environmental Science Services, Administration. 
Table 2 . Examples of Agricultural Weather User Requirements.a 
0Eerational Reguirement 
Activities Important Parameters Description 
CATEGORY I - PRODUCERS (COTTON) 
1. Planting 1. Soil moisture Less than 80% field capacity to 4 in. depth 
2. Soil temperature Greater than 65° F. 
3. Temperature (air) Greater than 50° F . 
4. Precipitation Less than 0.05 in. 
5. Wind Less than 25 m.p.h. 
2. Defoliation 1. Soil moisture Between 50% and 80% field capacity 
2. Temperature (air) Between 50° and 85° F . 
3. Precipitation None 
4. Wind Less than 10 m.p.h . 
5. Dew Presence and period 
6 . Cloudiness Less than 0.7 cover 
3. Harvesting 1. Soil moisture Less than 90% field capacity to 6 in . depth 
2 . Temperature (air) Variable 
3. Precipitation None 
4 . Wind Less than 20 m.p.h. 
5. Humidity Less than 70% relative humidity 
6 . Dew Presence and period 
4. Transportation 
5. Agri services (buying) Each of these would have special requirements as above. 
6. Marketing 
7. Others 
a Source for items 1, 2 and 3: Federal plan for a National Agricultural Weather Service 
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Figure 1. Present A g ricultural Weather Service Program (Environ-
mental Science Services Administration, We ather Bureau, 
19 67) . 
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work density shown in Table 3. These show a range, from 150 square 
mile s in fruit, truck, and special crop areas, up to 2500 miles per 
station in a rang e livestock area. Final density of stations is also 
governed by requirements for describing the weather i n significant pro-
duction areas; such as lar g e valleys, mountai n slopes, deltas, and 
lakesides. Very large homo g enous a g ricultural regions, such as the 
Great Plains , should require a less dense observational coverage, at 
least of some meteorological parameters. 
Definition of Station Categories 
T he Wo rld Meteorolog ical Organization ( 1963) has classified agricul-
tural meteorological stations into three categories: 
A. A principal agricultural meteorological station is a station pro-
v i d ing detail~simultaneous meteorological and biolog ical information 
a n d w h e re re s earch in agricultural meteorology is carried out. The 
i n strument facilities, the range and frequency of observations in both 
meteorolog ical and biological fields, and the professional personnel are 
such that fundamental investigations into agricultural meteorological 
questions of interest to the countries or regions concerned can be car-
ried out. 
B. An ordinary agricultural meteorological station is a station pro-
viding,~routine basis, simultaneous meteorological and biological 
information and may be equipped to assist i n research into specific 
problems; in g eneral the program of biolog ical or phenological observa-
tions for research will be related to the local climatic regime of the 
station. 
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Table 3. Network density by agriculture type a 
Categories Density (sg. mi.) 
1. Fruit, truck, and special crops 1/150 
2. Tobacco 1/150 
3 . Cotton 1/600 
4. General farming 1/500-1000 
5. Dairy 1/1000 
6. Feed grain and livestock 1/1000 
7. Wheat and small grain 1/1500 
8. Range livestock 1/2500 
a Source: Unpublished, undated mimeograph, Environmental Data Service, 
Environmental Science Services Administration. 
C. An auxiliary agricultural meteorological station is a station pro-
viding~teorological and biological information. The meteorological 
information may include such items as soil temperature, soil moisture, 
potential evapotranspiration, detailed measurements in the very lowest 
layer of the atmosphere; the biological information may cover phenology, 
onset and spread of plant diseases, etc. Such a station usually operates 
on a seasonal basis. 
Function of Station Categories 
The function of principal stations will be primarily in support of re-
search and developme·nt activities in weather-agricultural production 
relationships. All aspects of production, both plant and animal, should 
be included. The resolution and reporting interval required of these 
stations necessitates near or fully automated data retrieval and proces-
sing as the o.ptimum goal. Principal stations should be located at all 
major state and federal agricultural experiment stations throughout the 
country. This approach represents an extension of present state and 
Weather Bureau agricultural- service programs. 
Ordinary stations will also have a significant research and develop-
ment function to perform. These would be assigned primarily to agri-
cultural research substations that support major agricultural research 
centers across the country. In the optimum stage, these could be "data 
logger " types of stations, but could provide essential information with 
once-a-day observations (primarily of the maximum and minimum type). 
In the author's opinion, the i_!Ilportance of <?nee-a-day observations is 
often underestimated. In many biological problems, meteorological 
observations are being related to a long-time, integrated biological re-
sponse, such as crop yield. How refined are the meteorological 
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observations required for such a study? Once-a-day observations are 
frequently adequate. Detailed observations, however, are required for 
research problems that study short-time biological response. 
Auxiliary stations would provide the major support for routine, day-
to-day forecasting services to agriculture. These stations are basically 
a projection of the present cooperative observing networks. This net-
work requires a large number of stations. 
Principal stations are rare. In most countries, stations are in the 
ordinary or auxiliary categories. Noffsinger ( 19 68) has reported the 
number of proposed locations of agricultural meteorological stations. 
A total of 2400 stations have been proposed in the United States, of which 
50, or one for each state, would be principal agricultural meteorological 
stations, 210 ordinary stations (averaging 4 for each state) and more 
than 2100 auxiliary stations to be located on a 25- or 30-mile grid over 
the farm and ranch land of the country. Special weather-observation 
sites for forestry and fire control would be in addition to those for farm-
ing and ranching. 
Parameter Requirements for Agriculture 
Next let us define what are considered the necessary parameter re-
quirements for agriculture. Ideally, each should be measured at all 
categories of stations. Practically, it will be a long time before these 
are measured even at a network of principal stations. But as a first 
goal, the parameters should be considered as requirements for both 
principle and ordinary stations. The only difference in requirements 
should be the time interval required for the observations. Another 
practical limitation will be observation personnel. Personnel will only 
be available at most stations for once-a-day observations or read-out of 
recorded data. Recording systems must be adapted to this limitation. 
METEOROLOGICAL 
Atmospheric Composition 
Because of the increased importance of pollution effects on plant and 
animal life (particularly near cities), a measure of both gas and solid 
pollutants should be made at principal and other selected stations. The 
resolution required is parts / 108 for gases and 10 microgm/m3 for solids. 
Since pollution may not be evenly distributed d-q:ring the day, a 6- or 12-
hour sampling interval would be needed. 
Atmospheric Profiles 
Atmospheric profiles are difficult to standardize because of the neces-
sity, in many instances, of these being plot measurements required for 
special studies. To be meaningful, profile measurements must generally 
be very accurate and represent the particular crop under study. It seems 
more appropriate that these be considered as special observations, ex-
cept as temperature and vapor-pressure profiles are required for a heat-
budget measurement. 
Clouds 
Observations of amount and types of clouds would be used only until 
radiation observations are available. 
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Dew (Leaf Wetness) 
The duration of leaf wetness is an important pathological observation, 
since for many diseases, the period of wetness is critical in the de-
velopment of the disease. A duration recorder with an accuracy within 
15 minutes of the crop leaf wetness would be desirable. Accuracy 
g reater than this is questionable because various crop covers will differ 
by at least this much. 
Heat Budget 
Although heat- budget data are often used for specific crop studies, 
these measurements could be very useful in routine network observations 
over a standard crop surface. The heat budget can be represented by 
RN = E + A + S + Xe ( 1) 
where RN is the net radiation, E is evapotranspiration, A the sensible 
heat to the air, and S the soil heat. Xe represents a number of terms 
such as photosynthesis, respiration, etc., which are usually of rela-
tively small magnitudes compared with the major terms of the equation. 
A heat budget with an hourly accuracy within 5 to 10% would be adequate 
for many agricultural purposes. Evaluation of two of these terms (i.e., 
net radiation and evapotranspiration by lysimeter observations) is already 
included in the agricultural weather station. Soil heat flux plates would 
provide a means of evaluating S. The evaluation of A would require pro-
file observations of the temperature and vapor pressure, but are within 
the feasibility of at least a principal agricultural weather station and, 
possibly, of an ordinary station. 
Humidity 
Principal stations would make hourly or continuous observations of 
dew point and relative humidity. Ordinary stations could limit this to 
maximum and minimum values in the minimal stage, but hourly or con-
tinuous recording ultimately would be desirable . The accuracy re-
quired would be 1 °F for dew point and 5% for relative humidity. In time, 
the dew point may be the only observation taken. 
Hydrology 
Class A open-pan evaporation to the nearest 0. 01 inch per 24-hour 
period would be measured at the principal and ordinary stations. Maxi-
mum and minimum water temperatur e and 24-hour wind movement over 
the pan also are needed. It would be desirable if lysimetric observations 
on two or more crop areas, as well as potential evaporation from a 
standard grass surface, could be observed. These would all be measured 
to the nearest 0. 01 inch/ day. 
Soil moisture should be measured once a week from representative 
crop areas. An accuracy of 5% has been suggested. In terms of plant-
available water in a 5-foot profile, this requires an accuracy near 0. 5 
inch in 10 to 12 inches. With available computational procedures, daily 
soil-moisture values can be estimated. 
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Precipitation 
A continuous recording gauge should be used to give the time rate of 
fall in addition to a 24-hour total. This requirement is already met at 
many stations. 
Pressure 
No additi onal observations are required over those furnished by other 
networks. 
Radiation 
Both solar radiation and net radiation are needed. For most pur-
poses, a daily total is sufficient (day and night for net radiation), but 
hourly totals should be obtained. Present instrumentation provides suf-
ficient accuracy for most agricultural problems. An accuracy of 1 
langley per hour is probably adequate. Until the problem of radiation 
quality is resolved, a radiation network would be desirable. This might 
be only one station per several states, but would provide data on the 
effects of air pollution on radiation quality. 
Temperature 
Air-temperature observations, both maximum and minimum, as well 
as hourly, would be required. 
Soil temperature observations should be taken at standard depths 
recommended by the World Meteorological Organization. A bare sur-
face is most desirable, with selected observations µnder a grass surface. 
Observations at the 1- inch depth to provide data for . shallow- seeded crops 
are also desirable, although this might not be needed for an entire year. 
Maximum and minimum values are satisfactory for mos~ purposes. 
Wind 
In addition to the total wind movement over the evaporation pan, a 
wind- speed and direction measurement should be made hourly. The 
height to be exposed is debatable. The World Meteorological Organiza-
tion (1961) recommended 10 meters. For many agricultural purposes, 
this is too high. Newman et al. (1959) recommended 1 meter. The 
Purdue Station, described Tater, uses 6 meters, the height used at air-
ports for ESSA, Weather Bureau observations. The author believes 
this should be the maximum height for most agricultural purposes. 
BIOLOGICAL 
The biological observations required will vary with the type of agri-
culture conducted. It would be desirable to have a _standardized pheno-
logical network included as part of these stations. 
EXAMPLE OF A CURRENT AGRICULTURAL WEATHER STATION 
An example of one of the more advanced a g ricultural weather stations 
now in operation is shown in Figure 2. This is the Agronomy Farm 
Weather Station, Purdue University, Lafayette, Indiana. The key to the 
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Figure 2. The Purdue University Agricultural Meteorology Station. 
Rear Left to Right 
1. Net radiometer over grass (Thornthwaite type) (barely shown). 
2. Wind tower, speed and direction at 6 meters. 
3. Tipping bucket rain- gauge. 
4. Hours of direct solar radiation (in front of shelter). 
5. Epply pyr heliometer ( 18 0 °) (in front of shelter). 
6. Insulated instrument shelter for recording equipment. 
7. Ventilated instrument shelt.er containing relative humidity and dew 
point observations plus continuous air temperature. 
8. Ventilated instrument shelter containing thermometers for 
max-min, 24-hour air temperature observations. 
9. Instrument shelter for soil thermometer, 24- hour max-min· under 
grass at 10-cm depth (in front of ventilated shelter). 
10. Spore trap holder and wind vane (on fence post). 
Middle Row 
11. Evaporation pan Class A, 4 feet diameter, 10-inch deep, hook 
gauge type with water temperature and total 24-hour wind at 50 cm. 
12. Bare soil area and shelters for soil thermometers, 24-hour, 
max-min at 2. 5, 5, 10, 20, 50, 100, 300 ems. 
Front Row 
13. Clear-vu 5-inch diameter direct reading raingauge, used as 
' Station No. 1, check in a micro precipitation observation network 
covering experimental farm every 1000 feet. 
14. Standard 8-inch diameter raingauge. 
15 . ESSA, Weather Bureau, digital recording raingauge (5 min. 
intervals for 30-day periods. 
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station is given below the figure. In addition to the instrumentation 
shown on the figure, this station also has a black-light insect trap, a 
soil-moisture station in front of the fenced area, automatic or power 
driven spore traps, a phenological garden of 25 species to the right of 
photo ( 125 ~ x 125 '), a net radiometer over bare soil in front of fenced 
area, deep- soil temperature and permanent water-table- level o bserva-
tions are taken from April 1 through Oct. 1. All elements necessary to 
approximate the heat budget are measured. An air-pollution sampling 
station is proposed. 
A station such as that shown requires a relatively large grass area 
for its location because a good fetch is required in all directions. Such 
stations should be the goal of the agricultural weather network in the 
future. 
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AGE, GROWTH AND CONDITION OF BLACK CRAPPIE, 
POMOXIS NIGROMACULATUS (LE SUEUR), IN LEWIS 
AND CLARK LAKE, SOUTH DAKOTA, 1954 TO 1967 1 
C. J. Vanderpuye 2 and K. D. Carlander 3 
ABSTRACT. An abundant year class of black crappies 
_d e v e 1 o p e d i n 1 9 5 6 , t h e y e a r a f t e r L e w i s a n d C 1 a r k L a k e 
was impounded. No difference in grow th rate of male 
and female crappies was noted. Growth was slow com-
pared with most other waters and was slower the first 
few years than the 8 to 10 years after impoundment. 
No differences were detected in length-weight relation-
ships between samples collected in different areas of 
the lake nor between sexes. The slope of the length-
weight relationship was more often above 3. 0 than 
below. Slopes were below 3. 0 in each June sample, 
probably because of loss of weight in spawning by the 
larger individuals. The slopes did not increase in 
July and August in 1 96 0, 1961 and 1967 as they did in 
the other years. Average condition factors were lower 
in 1957, 1959, and 1960. 
INTRO DU CT ION 
Lewis and Clark Lake, formed by the July 31, 1955 closure of Gavin's 
Point Dam, is the smallest of six main stem Missouri River reservoirs 
constructed by the U.S. Army Corps of Engineers. Water level is main-
tained within a meter of 368. 2 m mean sea level, and the area is 113. 3km; 
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Iowa Cooperative Fishery Unit, sponsored by the Iowa State Conserva-
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Bureau of Sport Fisheries and Wildlife, Yankton, South Dakota. Chief 
John Vanderpuye worked at Yankton the summer of 1967 and is respon-
sible for the age and growth analysis. K. D. Car lander did most of the 
interpretation of the length-weight data. Thanks are due Dr. Norman 
Benson, William Nelson, and others of the North Central Reservoir In-
vestigations. The Government of Ghana and the U.S. Agency for Inter-
national Development supported Mr. Vanderpuye' s work for a Master of 
Science degree at Iowa State University. 
2 Present address, Fisheries Department, Akosombo, Ghana. 
3 Professor of Zoology, Department of Zoology and Entomology, Iowa 
State University, Ames. 
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The maximum depth is 17. 7 m and the average depth 4. 9 m. The water 
exchange rate (flushing time) is 8 to 10 days from March to November 
and approximately 30 days in winter. 
The black crappie was relatively abundant in 1957 and 1958 but has 
had a minor role in Lewis and Clark Lake since that time (Walburg 19 64). 
MATERIALS AND METHODS 
Lengths, weights, and scales were collected from 1, 302 black crap-
pies from 1954 to 1964 and in 1967. The South Dakota Department of 
Game, Fish and Parks collected the data to 1961 (Sprague 1959), and the 
North Central Reservoir Investigations, Bureau of Sport Fisheries and 
Wildlife, Department of Interior collected the data since 19 61. Mo st of 
the crappies were taken in frame nets, but some were taken in experi-
mental gill nets, bag seines, trap nets, a semiballoon trawl, or electric 
shocker. 
Scales of 808 black crappie were selected by the stratified subsamp-
ling technique outlined by Ketchen (1949). Not more than 10 of each 
inch class of each sex were used for the scale reading. Scales were 
read from all fish when there were less than 10 per inch class. Age 
class frequencies and calculated lengths at each annulus were adjusted 
to the numbers in the inch class when a subsample was used. Scale 
readings were made from cellulose acetate impressions projected to 
X44 magnification and growth computations were made with 12 mm as 
the intercept on a direct proportion nomograph. 
Body- scale relationship 
There was evidence of curvilinearity in the body scale relationship 
(Fig. 1) but the deviation from a straight line with an intercept at 11. 5 
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ANTERIOR SC'ALE RADIUS ( X44) IN INCHES 
Figure 1. Body- scale relationohip of black crappies from Lewis and 
Clark Lake. 
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Scale interpretation 
Annuli were not clearly defined on many of the scales. Difficulty in 
interpretation of black crappie scales has been reported in Florida (Huish 
1954), California (Goodson 1966) and Iowa (Neal 1962). White crappies 
sometimes failed to form annuli each year in Illinois (Hansen 19 51). 
As a measure of the . readability of the scales, a simplified form of 
the procedures outlined by Carlander (1961) was adopted. The first and 
second readings agreed on 76. 7 % . Third readings that agreed with one 
of two previous readings were 18. 7%. Fourth and fifth readings, respec-
tively, were 3. 8 and 0. 9 % . Subjective methods in assigning age category 
had to be resorted to in scales from seven fish re-read five times (Table 
1). Neal (1963), working on black crappie scales from Clear Lake, had 
67 % agreement on first and second readings. 
In certain years, growth was more or less continuous with previous 
years. The weak annulus that resulted was not easily recognizable. The 
fir st annulus in the older fish was clear in some fish, but lacking in 
others. 
Criteria used in the identification of annuli were (1) erosion of the 
posterior part of the last circuli before a series of complete ones were 
formed; (2) crowding of the circuli; ( 3) anastomosis of the circuli on the 
lateral fields; and ( 4) clear, narrow gaps encircling the focus. Erosion 
of the outer circuli was helpful in determining annuli in the older fish. 
This criterion, however, broke down in some instances where erosion 
was so excessive that all the area between two annuli seemed to have 
been eroded before a new one was formed. In some old fish with dense 
scales, small dents at the points where annuli crossed grooves of the 
anterior radii also proved of help. 
Shields (1957, 1958), Sprague (1959), and Walburg (1964) reported on 
readings of some of these same scales, although their age determina-
tions are not available for the individual fish. The age class composi-
tions that they reported sometimes differed from those in this study, but 
the differences were slight and probably resulted from different sub-
sampling. 
Consistency in our data presented later attest to the general validity 
of the scale interpretations. Growth of most year classes in given 
calendar years are consistently above or below average. Abundance and 
scarcity of year classes can be followed in consecutive samples. Calcu-
lated growth of fish from a given year class is similar in various years 
of collection. The exceptions can mostly be explained on the basis of 
small samples. 
Growth in length 
Data for the two sexes are combined in Table 2, since comparis on of 
the growth of males and of females in the various collections failed to 
show consistent differences. The sample included 526 males to 618 
females. The calculated Chi- square value for goodness of fit to a 50:50 
ratio was 0. 64, and thus there is no reason to suspect other than equal 
numbers. 
Lee's phenomenon of apparent change in growth rate was not evident 
in the calculated growth data from each year's c olle ction. Its absence 
attests to the nonselectivity of the sampling methods. 
Table 1. Numbers of black crappie assigned to age groups on successive readings; A - assignment 
on first reading, B - number or readings which agreed with the first reading, C -
number of readings which agreed with either of two previous readings, D - number of readings 
which agreed with any of three previous readings, E - number of readings which agreed 
with any of four previous readings, and F - numbers finally assigned to each age group. 
Data for al 1 years combined. 
0 I II III IV v VI VII VIII IX Total Percenta.9.!:.._ 
A 25 180 243 141 72 66 49 20 9 3 808 
B 25 168 209 101 41 35 21 14 4 1 619 76.6 
c 12 33 34 23 21 21 3 3 1 151 18.7 
D 1 6 8 5 7 3 1 31 3.8 
E 5 1 1 7 0.9 
F 25 188 242 135 78 56 38 34 9 3 803 




















Table 2. Mean calculated total lengths at each annulus for the 1949-1966 year classes of 
black crappie collected from Lewis and Clark Lake from 1954 to 1964 and 1967 
Year Number 
of of Mean length at annulus Total 
caeture seecimens 1 2 3 4 2 6 z 8 2 1 ength 
1949 J:'.ear class 
1954 1 69 140 180 208 231 264 
1951 /:'.ear class en t-3 
1954 3 97 147 201 251 C! 
t:J 
1952 /:'.ear class K! 
1954 1 56 188 213 0 
1957 1 66 99 122 173 193 203 
f-rj 
2 td 
1953 J:'.ear class ~ 
1954 54 102 140 () 
1955 5 61 145 178 ~ 
1957 1 81 145 216 259 267 () 
bO ?:! ;:t> 
1954 zear class 1:J 
1955 21 91 150 1:J H 
1956 19 81 168 208 M 
1960 1 66 112 145 168 188 213 229 en 
4T 
1955 J:'.ear class 
1956 53 79 142 
1958 4 74 112 152 168 
1959 8 66 104 150 180 193 
1960 10 56 97 135 170 198 213 
1961 6 51 97 140 163 198 224 239 
1962 1 66 135 160 185 203 226 249 269 
1963 1 43 94 137 170 208 249 274 302 302 \Jl 
1964 3 69 114 147 188 216 236 259 282 300 310 >!'>-\Jl 
TOT 
Table 2 (Continued) 
Ul 
Year Number .J::. 
O" 
of of Mean length at annulus Total 
Caeture seecimens 1 2 3 4 5 6 7 s 9 length 
1956 l'.ear class 
1957 130 86 132 
1958 143 69 130 157 
1959 101 64 109 150 163 
1960 37 61 102 137 178 185 
1961 3 58 109 142 175 206 211 ~ 1962 9 69 104 147 190 216 241 251 
1963 12 48 89 124 170 198 226 269 274 z tJ 
1964 12 53 89 130 165 198 234 267 284 300 M m ~ 
1:J 
1957 l'.ear class 
c 
>-<:: 
1959 43 74 132 173 M 
1960 20 64 114 155 170 Ill 
1961 6 69 109 152 185 206 :::! 0.. 
1962 22 58 107 155 188 213 236 () 
1963 3 71 124 152 175 206 236 244 :i> 
1964 21 53 99 145 180 216 244 267 274 ~ 
1958 l'.ear class ~ z 
1959 2 69 tJ 
1960 13 66 112 M 
1961 30 53 94 132 
~ 
1962 33 53 109 145 183 
1963 27 74 116 155 198 249 
1964 7 58 104 150 188 224 251 
1967 1 30 76 114 157 198 229 264 310 356 381 
1959 l'.ear class 
1961 15 53 107 132 
1962 23 58 109 150 173 
1963 5 58 132 152 196 208 
1964 28 58 104 152 193 234 239 
7T 
Table 2 (Continued) 
Year Number 
of of Mean length at annulus Total 
caEture sEecimens 1 2 3 z+ 5 6 7 8 9 1 ength 
1260 x:ear class 
1961 2 112 122 
1962 19 61 119 145 
1963 8 66 112 168 198 
1964 5 51 102 150 188 193 
1967 1 76 127 178 224 249 269 290 300 
35 Ul 1-j 
C! 
1961 x:ear class t:J 
1962 3 61 107 i-< 
1963 5 64 142 168 0 
1964 5 53 97 135 137 fij 
1967 2 74 127 173 211 246 295 315 tJj 
15 ~ 
0 
1962 x:ear class ~ 
1963 17 58 99 0 
1964 34 61 114 130 ::0 
5T ;:i> ftj 
ftj 
1963 x:ear class 
H 
M 
1967 10 61 107 163 208 236 Ul 
1967 22 53 ·109 
1964 x:ear class 
170 201 
1965 x:ear class 
1967 111 56 137 170 .. 
1266 1:'.ear class 




1??/, t.Q 11Q 1/,Q 1 Qc ')')() ?'20 ?t.7 ?Qt. '21h 
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Each year class from 1951 through 1966 was represented in the col-
lections, indicating continued successful reproduction and not the domi-
nance of one or two year classes noted in some crappie populations 
(Thompson 1941 ). The first year of impoundment, 1956, evidently pro-
duced the most abundant year class. The numbers of this year class 
collected in 19 61 and 19 62 were not as high as would be expected from 
the numbers collected earlier and in 1963, suggesting difficulties in 
scale interpretation in 19 61 and 19 62 and, perhaps, a failure to form 
annuli until late in the season. No black crappies over 6 years old were 
taken in the collections before 19 60 but several older specimens have 
been collected as the impoundment became more stabilized. 
The annual increments of growth for each year of life for each year 
class have been presented in a table (Table 3) similar to one set up by 
Hile ( 19 41). The table has been arranged so that the vertical columns 
show the calculated growth rate made by the fish in different years of 
life but in the same calendar year, and horizontal rows permit compari-
son of growth in different calendar years of the same year of life. 
In gene ral, the most rapid growth in length occurred during the fir st 
year of life, and the annual increment decreased each successive year. 
This over-all picture for a year class was modified to a greater or 
lesser extent according to goodness or poorness of growth in individual 
years. An index to amount of g rowth in various years (Fig.2) was cal-
culated by the method described by Hile (1941). Although 1956 was a 
year in which crappies produced a big year class, the average growth 
rate was poor. Usually g rowth rates are rapid in expanding environ-
ments, such as in the first year o r two of impoundment, but the black 
crappies showed slow growth in 1956 through 1959 in Lewis and Clark 
Figure 2. Hile indexes for growth of black crappies in Lewis and Clark 
Lake by calendar year. 
Table 3. 
Years of 









Mean annual increment in total length of black crappies in Lewis and Clark Lake, from 1954 
to 1964 and 1967 collections 
1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 
8 - - 46 
25 18 - 46 -
23 38 23 36 - 20 
25 25 30 28 28 - 20 48 
23 - - 20 - 20 30 28 30 48 41 25 86 -
28 51 43 23 30 41 33 41 41 41 38 46 - - -
41 53 23 71 33 41 38 43 38 43 53 41 56 61 - -
71 - 51 84 81 84 41 46 53 51 51 53 58 53 46 56 81 
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Lake. Shields (1958) and Nelson (1961) also noted the slow growth of 
crappies at that time. The upward trend in annual g rowth rates from 
1964 through 1966 might reflect a more favorable environment as the 
reservoir stabilizes. 
Comparison of growth of Lewis and Clark black era ppie with the 
same species in other parts of the country (Car lander 19 5 3) shows that 
growth was slow. The contrast with Norris Reservoir, Tennessee, 
during the first five years of impoundment (Eschmeyer and Jones 1941) 
is particularly striking. Although it took 3 or 4 years for black crappie 
to reach a length of 340 mm in Norris Reservoir , it took an average of 
8 years to realize a length of 290 mm in Lewis and Clark Lake. Only 
one black crappie over 330 mm was taken in the samples at Lewis and 
Clark Lake from 1954 to 1967, a 9 -year-old measuring 380 mm. 
Length-weight relationships 
Length-weight relationships were first computed for 98 samples 
separated on the basis of sex, area of collection (in years 1956 and 1959), 
and month and year of collection. Many of these samples contained so 
few individuals that the computed relationships are not very significant. 
The slope of the log-log relationship would be 3. 0 if there were no change 
in the shape or the plumpness of the crappies as they changed in length. 
The slopes of these samples varied from -4. 313 in one sample of 3 fish, 
269 to 282 mm long with the shortest being the heaviest and the longest 
the lightest, to 8.499 in a sample of 4 fish 185 to 198 mm long. Almost 
half, 49%, had slopes 2. 75 to 3. 25 (Table 4). More were above 3. 0 than 
below, suggesting a tendency to increase in plumpness with increase in 
length over the size ranges covered. If only samples with over 10 fish 
are included, 56 % had slopes between 2. 7 5 and 3. 25. In only 16 of the 
9 8 samples did tests show with 9 5% confidence that the computed slope 
b differed from 3. 0. The sampling variances were so large in several 
samples that even large deviations from 3. 0 were not significantly dif-
ferent at the 9 5% confidence level. 
No differences at the 95% level of confidence that could be attributed 
to area of collection could be found with these 98 samples. Neither were 
the length-weight relationships of males different from those of females 
collected the same month. The samples which come the closest to show-
ing a significant difference were those collected in May, 1964, just be-
fore the spawning season 
30 males Log W = -3. 4823 + 3. 1916 Log L 
35 females Log W = -3. 2562 + 2.9925 Log L 
Analysis of covariance gave an F value of 1. 78 for the test of the re-
gression slopes and an F value of 3. 58 for test of adjusted means. The 
9 5% confidence value with these degrees of freedom is 4. 00. 
When the fish collected each month regardless of area or sex were 
combined, the range of b values was 2. 66 to 3. 62 (Table 4). The slope 
was less than 3. 0 each June (Table 5), probably because the longer fish 
have lost weight during spawning. In most summers, the slope increases 
in July and August, but this trend was not evident in 1960, 1961 and 1967. 
Since the regressions or the adjusted mean weights differed significantly 
among months in most years, a composite regression covering the year 
is not very meaningful. 
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Table 4. Frequencies of computed slopes, b, of log length-log weight 
relationships of samples of black crappies from Lewis and 
Clark Lake. 
Differing from 
3.0 at 95% Samples Samples 
b value All samples confidence 1 evel over 10 fish by month 
less than 2 .05 9 2 4 
2.05-2.24 2 
2.25-2.44 3 3 2 
2.45-2.64 6 3 
2.65-2.74 3 2 4 
2.75-2.84 7 4 7 
2.85-2.94 10 6 3 
2.95-3.04 11 5 2 
3.05-3.14 12 9 7 
3.15-3.24 8 6 
3.25-3.34 6 2 2 3 
3.35-3.54 13 5 11 4 
3.55-3.74 3 2 
3.75-3.94 2 
over 3.95 3 
Total 98 16 57 31 
Analysis of covariance of the July regressions in 1960, 1961 and 1967, 
the years when the slopes did not increase in July and August, indicated 
no significant difference in the regression slopes, F = 0. 43 with 2 and 
63 d. £., but a significant difference between adjusted means, F = 7. 58 
with 2 and 65 d. £. The composite slope was 2. 80, and the calculated 
weights for the mean length of 160 mm were 53, 64, and 60 gin 1960, 
1961, and 1967 respectively. 
Because the slopes differ, it is difficult to compare the condition or 
relative plumpness of the black crappies at different times. The results 
will depend to a considerable extent upon the size of fish selected for 
comparison. The calculated weights at 178 mm (7 inches) are probably 
most representative (Table 6). Another comparison is possible with the 
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Table 5. Slopes, b, of the length- weight regressions of black crappie from 
Lewis and Clark Lake by months. Number of specimens in parenthesis 
Year Apri 1 May June 
1954 
1955 
1956 3.14 2. 72 
(22) (16) 
1957 2 .80 
(23) 
1958 2 .83 
(25) 
1959 2. 72'' 
(46) 
1960 3.62 2.66 
(11) (19) 
1961 2. 94 
(11) 
1962 3.14 2.68'' 
(28) ( 18) 
1963 3.30 ::~* 2.96 
( 10) (10) 
1964 3. 12 3. 13 
(61) (65) 
1967 
'~ Differ from 3.0 at 







3 . 25''' 3.50>'' 
(76) (46) 
3 .43'' 3 .26>'' 
(74) (46) 




2. 75 2. 79 
(22) (28) 
3.21 3.46 3.34 
(17) (17) (7) 
3.23 3,69 
(16) (6) 
2.91 2. 77 2. 79 
(27) (39) (75) 










3. 17''' R & A 
3.07 




2 .83 A 
Analysis of covariance for the monthl y samples indicated that the gegressions 
(R) were different at the 95% level af confidence or that the adjusted means (A) 
differed . 
*"~ A regression with a slope of -4.31 based on 3 fish eliminated. 
condition factors, K (TL), computed from the calculated weights for the 
mean lengths of each sample (Table 7 ) . The mean lengths in this in-
stance are geometric means, the antilog s of the mean log lengths. Where 
the mean lengths do not differ much or when the regr e ssion slopes do 
not differ much from 3. 0, the condition factors g ive a valid comparison 
of relative plumpness. Where the slope differs from 3. 0, no single 
index has been derived for meaningful comparison. The trends given by 
the mean K (TL) are similar to those indicated by the calculated weights 
at 178 mm (Fig. 3), but differ in some details. 
Condition was poorer in 1959 and 1960 than in other year s. In 1957 
the mean K (TL) indicates poorer condition than does the calculated 
weight and the mean K is probably the better indicator since the fish 
sar:ipled in 19 57 averaged only 132 mm and the calculated weight at 178 
mm was beyond the range of the sample except for 3 fish. The condition 
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factors show little correlation with the Hile growth indexes (Fig . 2) . In 
19 56, when the condition factors we r e high, growth increments were 
low. 
Table 6. Calculated weight in grams of 178 mm (7 inches) black crappie by 
months 
Year April May June July August September October Composi tE 
1954 83 
1955 78 
1956 85 75 91 89 
1957 70 81 80 
1958 86 83 82 
1959 66 72 75 
1960 67 73 70 85 
1961 75 86 88 
1962 76 81 78 78 78 96 
1963 83 81 92 73 
1964 83 78 
1967 83 80 78 80 
The average K (TL) values are within the range 1. 21 to 1. 50 desig-














Although the length-weight relationships differ seasonally and annually, 
the following length-weight relationship based upon 1229 crappies may 
be used for approximations when the length-weight relationship is not 
known for a given time 
Log W = -5 . 0 1 8 6 + 3 . 0 7 5 Log TL 
when W is weight in grams, and TL is total length in 
millimeters. 
This formula was used in deriving the equivalent weights at the bottom 
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Mean total length of black crappie and coefficient of condition, K (TL), 
at that 1 eng th by months. 


















































































































Figu re 3. Average condition factor, K, and computed weight in grams at 
17 8 mm total length, of black crappies 1954-67. 
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LIFE HISTORY OF RED SHIN ERS, NOTROPIS LUTRENSIS, 
IN THE SKUNK RIVER, CENTRAL IOWA 
K. D. Las e r and K. D. Carlander 
Department of Zoolo gy and Entomology 
I owa State University 
ABSTRACT. Red shiners w ere the most abundant fish in 
this sand- bottom stream. At hi g h water, ve g etation 
b e cam e a greater part of th e food. Male shin e rs were 
territ o rial at breedin g time. Females had 485-684 
e gg s, in 3 si z es, su gg esting intermittent spawnin g . 
F ew shiners reach a g e II, most spawnin g and dying at 
a ge I. Difficulties in analyzin g len g th-wei g ht rela-
tionship of small fish are discussed. 
INTRODUCTION 
The red shiner, Notropis lutrensis, is one of the most abundant 
fishes in the western and southern streams of Iowa, being common to 
abundant in these streams and occasional to common in natural and arti-
ficial lakes (Harlan and Speaker 19 56). Cross (1967, p. 127) states that 
this species " seems to thrive under conditions of intermittent flow, fre-
quent high turbidity and other environmental variations that characteriz e 
many Plains streams. In g eneral, red shiners are most numerous 
where few other kinds of fish occur. " Little has been published on the 
life history of this species. Data were obtained from the Skunk River in 
Story, Polk, and Jasper Counties, Iowa, from June 19, 1968 to August 
14, 1968. The area extended from 100 m above old U.S. 30 at Ames, 
Iowa to U.S. Interstate 80, approximately 50 km downstream near 
Colfax, Iowa. 
The Skunk River is a typical, midwestern, moderately-flowing stream 
w ith a sand bottom, with occasional silt and gravel. D e ep to shallow 
poo ls are common, being scoured around fallen trees, brush, submerged 
tr e es, concrete slabs , piers, and embankments. During June and July 
1 Journal Paper No. J-6650 of the Iowa Agriculture and Home Economics 
E x periment Station, Ames, Iowa. Project No. 1373. A contribution 
from the Iowa Cooperative Fishe ry Unit, sponsored by the Bureau of 
Sport Fisheries and Wildlife (U.S. Dept. of Interior), Iowa State Univer-
sity of Science and Technolo gy, and the Iowa State Conservation Com-
mission. This research was accomplished with the support of a National 
Science Foundation Grant for Research Participation by High School 
Teachers. Kenneth Laser was at that time teaching biology at Culver 
Military Academy, Culver, Indiana, and is now working on a Ph.D. in 
the Department of Botany and Plant Pathology, Iowa State University. 
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1968, water levels were higher than normal for this season, and the 
water was quite turbid. 
Materials and Methods 
During the study 3, 709 red shiners were taken at ten stations in the 
Skunk River. The stations are described in Laser et al. (1970). A col-
lection was made with a 5 by 1 m, 4 mm bar mesh ~~now seine at each 
station weekly for 6 weeks. Three seine hauls were made at each sta-
tion w ith as much care as possible to keep the seine hauls uniform. The 
red shiner was the most abundant species taken. Specimens usually 
were captured in a moderate current in pools with sandy bottoms. All 
fish were preserved in the field in 10% formalin. 
Samples of 20 live fish were brought into the laboratory on three 
dates to determine effects of preservation upon measurements. These 
fish were anesthetized, weighed, measured, and killed by the same 
procedure used in the field. After 24 hours, preserved standard length 
was 0. 96 live standard length, and preserved weight was 1. 03 live 
weight. All measurements used in this study were preserved total 
lengths in millimeters and weights in grams. 
The conversion factor for total to standard length was computed for 
150 fish grouped into 5-mm classes. The factor remained constant for 
all sizes of fish, and the standard length averaged 0. 78 total length. 
Food habits 
Food habit determinations were made on the entire digestive tract of 
preserved specimens. The contents were stripped into vials and exam-
ined with a 30X dissecting scope. Most of the food material was difficult 
to identify, and with the time available, it was possible only to indicate 
plant and animal material (Table 1). The plant material was mostly 
algal, with little evidence of higher-plant tissue. 
Table 1. Plant and insect material in digestive tracts of red shiners, 
1968. 
Date of Collection No. of Seecimens % Pl ant % Insect 
Examined Aateri a 1 Material 
July 12 48 52 
July 16 10 65 35 
July 23 10 68 32 
July 30 12 83 17 
August 5 12 75 25 
During the high water period, from July 3 until July 30, the percen-
tage of insect larvae dropped, and that of plant material increased. 
Starrett (1950) stated that increased turbidity and volume of water 
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probably limit the availability of insect larvae during high water periods 
and induce a greater utilization of plant matter. Paloumpis ( 19 56) re-
ported that the red shiner in Squaw Creek, Iowa, fed entirely on insects. 
Behavior 
Numerous male and female red shiners were brought into the labora-
tory and placed in 5-gallon aquaria. Their behavior was observed from 
July 18 to August 13 as time permitted. In general, the males in breed-
ing colors were agressive and chased the females. Often one male 
would defend half the aquarium, and no other fish would enter that area, 
yet the defending male roamed the entire tank freely. Cross (1967) re-
ported territorial behavior in males in breeding condition. When 20 male 
and female red shiners were in a 5-gallon tank, there was no evident 
aggression, even though this was July 23 to 25, when aggression by males 
was noted in tanks with only 3 to 5 fish. In one tank, a large agressive 
male defended half of the tank from July 18-August 6. By August 13, the 
other fish (3 males and 4 females) were in all parts of the tank. No pre-
ference by red shiners was noted for sand or rock bottom in the aquaria. 
On July 12, 19 68 at 11 a. m. in the Skunk River near Colfax, Iowa, 
where the river widens, about 20 red shiners were found hovering around 
a submerged bare tree, about 10 cm from the surface of the water. They 
were oriented with their heads upstream and were feeding by picking on 
the bare surface of the tree. Cross (1967, p. 127) reported "groups of 
more than 50 nuptial males surrounding the end of a large stump that was 
polished by the cleaning-activity of these fish. " 
Reproduction 
In the combined collections examined for sex, there were 582 males 
to 904 females, but of the shiners under 40 mm there were 240 males to 
257 females. More females than males reach 40 mm. 
Male red shiners in breeding colors were observed as early as June 
19 and as late as August 14. Paloumpis ( 19 56) observed male red shin-
ers in breeding conditions in Squaw Creek as early as April 27 and as 
late as the middle of August. All males longer than 40 mm clearly in-
dicated breeding conditions, but coloration was more prominent as the 
size of the minnow increased. 
In 50 gravid females examined at various times through the summer, 
there were 48 5 to 684 eggs per female, with no correlation with length 
or weight of the female. At least three egg sizes were recognized in most 
females, two being predominant in the larger gravid females. The egg 
size variation suggests intermittent spawning through the summer. 
Spent females were recorded in mid-July, but others were gravid in 
August. Young-of-the-year shiners at 30- 35 mm were collected in 
greatest numbers on July 1- 3 (Fig. 1), indicating that the peak of spawn-
ing was probably in late May or early June. 
Age and growth 
Because of difficulties in identifying the shiners while small, only 
those over 30 mm were used in the length frequencies (Fig. 1). These 
frequencies give little indication of age groups. Scales indicated that 
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Figure 1. Length frequencies of red shiners captured in Skunk River, 
June 19 - August 6, 1968. 
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(Table 2) . The length frequencies indicate that most of the population by 
August consisted of Age 0 fish. 
Table 2. Sizes of red shiners by age groups as indicated by scales, in 
June and early July, 1968. 
Age group Number of Total length Weight in K(TL) 
fish in mm g 
Mean Range Mean Range Mean Range 
0 18 29 17-35 0.29 0. 10-0.45 l.16 0.84-2.04 
32 50 37-65 l. 55 0.68-2.60 l. 18 0.91-1.52 
II 2 72 69-75 3.87 3.54-4.20 l.06 l. 04-1. 08 
Length-weight relationship 







-0. 700 + 2. 56 Log L 
weight in g rams 
total length in millimeters. 
That the slope was only 2. 56, when a slope of 3. 0 is expe cted if the fish 
do not change shape, needs comment. It is possible that the longer fish 
were slimmer, particularly if many of them were spent fish. There is 
also the pas sibility, however, that the weights of the shorter fish were 
biased upward. Even though care was taken to clean and dry the fish 
before weighing , a small amount of water would be more significant on 
fish weighing 0. 2 g than on those weighing 1 . 5 g. Deletion of data on 
fish under 34 mm changed the slope to 2. 75, and deletion of data on fish 
under 38 mm, changed it to 2. 80. 
The lengths and weights were determined on preserved fish. Because 
the preserved fish were 3% heavier and 4% shorter than when alive, the 
slope of the live length weight relationship would be slightly lower than 
2 . 56. The K(T L) values show similar trends when computed on mean 
preserved or mean live weights and length (Table 3): 
w 10 5 
K(TL) 
The live K(TL) values equal 0. 86 preserved K(TL). 
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Table 3. Mean weights and K(TL) of red shiner at various lengths, and 
equivalents for measurements while alive. 
Preserved fish Equivalent live 
Mean 
Total length Number weight K(TL) Total length Weight K(TL) 
mm g 
17-20 3 0. 11 l. 73 19.3 0. l 07 l.49 
23-26 3 0.18 l. 22 25.5 0 .175 l.06 
27-29 71 0.27 l.20 29.4 0.262 l.03 
30-33 308 0.40 l.26 33.0 0.388 l.08 
34-37 29 0.53 l.18 37.0 0.515 l.02 
38-42 325 0.64 l. 05 41.0 0.621 0.90 
43-47 403 0.96 l. 07 46.6 0.932 0.92 
48-53 283 l. 21 0.96 52.3 l . 175 0.82 
54-59 41 l. 59 0.89 58.6 l. 544 0.76 
60-66 18 2.45 0.97 65.8 2.379 0.84 
67-74 7 4.00 l.12 73.8 3.883 0.96 
75 4.20 l.04 78. l 4.077 0.86 
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INFLUENCE OF PLANT HEIGHT, ROW WIDTH, AND PLANT 
POPULATION ON GRAIN YIELD AND YIELD COMPONENT 
ASSOCIATIONS IN GRAIN SORGHUM1 
R. E. Atkins and Ricardo Martinezz 
ABSTRACT. Effects of row spacings and plant popula-
tions on yield and yield component associations were 
examined in six pairs of grain gorghum (Sorghum bi-
color L. Moench) hybrids of contrasting height geno-
type in expe riments conducted at Ames and Castana, 
Iowa. Grain yields and numbers of seeds / head were 
highest at both locations in 30-inch row-widths, fol-
lowed by 40- and then 20 -inch row spacings. Weight / 
100 seeds was highest in 40-inch row spacings at both 
locations. Yields of the 104, 000 plants / acre popula-
tion exceeded those at 52, 000 plants/acre by 13 % and 
5 % at Ames and Castana, respectively. Seeds / head 
and heads / plant were greater at the lower population, 
but differences between populations for 100-seed weight 
were small and were significant only at Castana. 
At Ames, a 12 % higher yield was obtained with the 
taller 3 x 3 dwarf hybrids. In the lower yielding Cas-
tana test, the 4 x 3 dwarf hybrids yielded nearly as 
well as the ir taller c oun terparts. Higher 100-seed 
weights were obtained at both sites with the taller hy-
brids, but differences between height types in seeds / 
head and heads / plant were small. Differences among 
hybrids we r e more consistent and pronounced in rela-
tion to female than to male parentage. 
Correlations determined from covariance analyses 
showed that seeds / head was the component most highly 
and consistently associated wi th gra in yield. Coeffi-
c i en ts a s s o c i ate d with v .a r i at ion at tr i but ab 1 e to r ow 
spacings, plant populations, height genotypes and fe-
male parentage of the hybrids were especially high, 
indicating that each of these treatment variables con-
tributed materially to the covariation for yield and 
seeds / head. Weight / 100-seeds vs. yield correlations 
were moderate to high for height genotype and hybrid 
s o u r c e s o f v a r i a t i o n , b u t w e r e 1 o w f o r al 1 o th e r t r e a t -
ment and interaction variables. Correlations for yield 
with heads/plant were low in relation to all sources 
of variation. 
1Journal Paper No. J-6667 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1364 . 
z Professor and former Graduate Student in Agronomy, respectively, 
Iowa State University, Ames, Iowa. 
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Effects of row spacing s and stand density on yield s o f grain sorghums 
have received considerable attention in recent years. Many studies, 
however, have dealt only with grain yield and have not ex amined inter-
relationships with the primary components of yield. Also, the experi-
ments often have been conducted with a single, combine height hybrid. 
Recent emphasis on the development of short- stature hybrids has re-
newed interest in the comparative performance of short vs. tall plants. 
Trends toward production in narrow rows and at hig h plant populations 
are evident in many sorghum- growing ar e as. N arrow tow culture had 
been observed effective for reducing wind erosion, surf ace moisture 
loss, and crusting of the soil. Certain disadvanta g es of narrow rows 
and high stand densities also have been o bserved. Moisture stress is 
more likely to be encountered, resulting in l ow yields. And, lodging of 
the stress type associated with charcoal rot (Macrophomina phaseoli 
(Maubl.) Ashby) or other causes usually is more severe. 
Chang es in productivity of sorghums under diffe rent planting regimes 
are less pronounced, however, than thos e o bserved w ith some other 
crops. Sorghums have the capability thr o u gh intercompensation among 
the components of yield to produce g ood y ields over a w ide rang e of 
populations and planting arrang ements. Our e x periments were conducted 
to evaluate associations among g rain yield and its components in relation 
to different row spacings, plant populations, and h e i ght g enotypes . 
REVIEW OF LITERATURE 
Several investig ations involving a sing le planting arrang ement and one 
or more hybrids have shown that number o f seeds / head is the component 
most closely related with g rain yie ld inso.·ghums (2, 5, 8 , 9 , 12). Corre -
lations between these attributes often have been sufficiently high t0 indi-
cate that selection for seeds / head may have value as an indirect avenue 
for yield improvement. Coefficients r e ported for heads / plant and seed 
size (weight) with yield have be en more variable and usually are appre-
ciably lower than those for yield with seeds / head. 
Other studies have examined yield and yield component associations 
in relation to different row and plant spacing s. Stickler and Wearden (13) 
compared 'RS610' hybrid in 20- and 40-inch row widths and concluded 
that the 7 to 10% higher yields in the narrower rows were attributable 
primarily to increased tillering (heads / plant) . The remarkable c on -
stancy of sorghum yields from widely different stand densities in their 
study was believed to result from intercompensation among yield com-
ponents, particularly heads / unit area and se e ds / head. Seed weight was 
affected only minimally by stand density. 
Robinson et al. (11) compared sor ghum yields from row spacings of 
10, 20, 30, and 4o inches each at planting populations of 78, 157, and 314 
thousand seeds / acre. A linear trend for increased grain yield o ccurred 
as row widths narrowed from 40 to 10 inches. Two of the components 
of yield, panicles / acre and seeds / panicle, increased at the narrow row 
spacings, but the third component, seed w eight, decreased. Plant popu-
lations had little effect on yield, but significant linear and quadratic 
trends for decreased panicle moisture occurred as populations increased. 
Tall and short isolines of three sorghum varieties were compared for 
YIELD COMPONENTS IN GRAIN SORGHUM 565 
g rain yield at different row widths and stand densities by Stickler and 
Younis (14). Yields were 11 % higher in 20-inch than in 40-inch row 
widths . They found little evidence for a row width x plant height inter-
action, but the interactions for height x variety and height x stand density 
were significant. The height x stand density interaction was manifested 
by higher yields of the short types at the high density in contrast to high-
er yields of the tall lines at the low density. They concluded that, under 
some condi tions, the short types may better withstand the effects of 
strong competition resulting from high planting rates. 
The performance of two short hybrids (3 x 4 dwarf) at different row 
widths and within-row plant populations was evaluated by Atkins et al. (1). 
C orrelation coefficients of 0. 28 and 0. 29 were obtained in two year-; for 
the association of seeds / head with grain yield. In experiments with 
taller hybrids (2, 5, 8, 9), correlations between these traits consistently 
have been higher, ranging from 0. 51 to 0. 72. Coefficients for heads / 
plant and seed size (weight ) with yield also we re appreciably smaller for 
the short hybrids than those reported for tall hybrids. These compari-
sons suggest that the use of yield component data, either individually or 
collectively , may not serve as effectively with the short- stature hybrids 
as indirect determiners of grain yield per se. 
Intra panicle competition was observed by Blum (3) between seed 
weight and number of seeds / branch. The negative correlation of these 
attributes became stronger as the number of seeds / panicle increased. 
In another expe riment, conducted with limited water supply, Blum ( 4) 
found that grain yield of a late-maturing sorghum hybrid was highest 
under low stand density and that of an early hybrid was highest under 
high density. All yield components were operative in the determination 
of inter hybrid differences under moderate competition. The expression 
of components was suppressed by increased competition, and, at the 
highest plant density, g rain yield was determined only through the inter-
action between seeds / panicle 'and seed weight. Superiority of the early 
hybrid at the high density was attained through its ability to maintain 
larger grains in spite of increased interplant competition for water. 
Karchi and Rudi ch ( 6) used different row widths and seedling spacings 
in relating yield component expressions with environmental aspects and 
plant development sequences. They concluded that yield superiority of 
sorghum hybrids in narrow rows with wide intrarow seedling spacings 
were due primarily to increased number of heads / unit area, rather than 
to changes in head weight. Heads / unit area and seeds / head were con-
sidered lar g ely free of environmental effects, but seed weight was be-
lieved to be affected mainly by environmental conditions existing at the 
time of seed maturation. They suggested that tillering, and consequently 
the number of heads / unit area, probably is the most important yield 
component, mainly because its development effects cons ecutive growth 
stages. Although a large number of heads / unit area was effective in 
giving high yields / plot, they considered that the number of heads / unit 
area was in adverse association with individual plant yields and with 
head weight or its components, seeds / head and seed weight . They pro-
posed that, at high populations, all yield components of the single plant 
are invariably in adverse association with those determining plot yields. 
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Six pairs of hybrids of contra sting height genotype ( 4 x 3 and 3 x 3 
dwarf) were constituted for evaluation in this study by crossing each of 
the following male- sterile (A) lines with three pollen fertility restoring 
(R) lines . 
A lines (female parents) 
3-dwarf Martin (A, Tx. 398) 
4- dwarf Martin (A, Tx. 406) 
3-dwarf Combine Kafir 60 
(A, Tx. 3197) 
4- dwarf Kafir (A, Tx. 616) 
R lines (male parents) 
3-dwarf Texas 7078 
3-dwarf Texas 07 
3-dwarf Redbine 60 
The 3- and 4- dwarf versions of the Martin and Kafir female parents 
are near-isogenic lines, differing primarily for allelic constitution at 
the Dw2 height locus. Tx. 406 and Tx. 616 are homozyg ous recessive 
(dwdw) at the four height loci described by Quinby and Karper (10), while 
Tx. 398 and Tx. 319 7 are dominant Dw2Dw2 and recessive at the other 
three loci. An average height difference of about 9 inches was exhibited 
between the 4 x 3 and 3 x 3 dwarf hybrids. 
Entries were arranged in a modified split-plot desig n with three rep-
licates each at Ames and Castana, Iowa, in 1968. Row spacings (20, 30, 
and 40 inches) were the main plots with the six hybrids as subplots. The 
two populations (52, 000 and 104, 000 plants / acre) and two height genotypes 
gave four population-height genotype combinations that were assigned 
randomly within each of the hyb:!'."id subplots. An individual plot for each 
entry combination consisted of three 12-foot rows, with the central 10 
feet of the middle row used for yield and yield comporent determinations. 
Plots were over seeded and thinned to obtain an equal number of plants 
per unit area for plots of different row widths. Final within- row plant 
spacings for the 52, 000 plants / acre population were 6, 4, and 3 inches 
for the 20-, 30-, and 40-inch row widths, respectively. For the 104, 000 
plants / acre population plants were 3, 2, and 1. 5 inches apart, respec-
tively, in the 20-, 30- and 40-inch row widths . Hereafter, the terms 
" high" and "low" will be used in a relative sense to designate the two 
plant populations. To obtain yields on a comparable area basis, grain 
weights for plots planted in 20- inch row widths were multiplied by two, 
weights from 30-inch row width plots were multiplied by 1. 33, and 
weights from plots of 40-inch row widths were used directly. 
Individual analyses of variance and means were computed for the 
yield and yield component data from each location. In supplementary 
analyses, the source of variation among hybrids was partitioned further 
into variation attributable to female parents, male parents and the 
female x males interaction. Analyses of covariance were computed for 
grain yield with seeds / head, heads / plant, and 100- seed weight. Pooled 
error terms appropriate for each part of the split-plot analysis were 
used to test the significance of the respective treatments and their inter-
actions. 
For each main treatment effect, and for certain of the interactions 
where either significance or mean differences of particular interest 
were indicated, the respective segments of the covariance analyses were 
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used as follows to calculate correlation coefficients for the associations 




r = I: xy 
coefficient of correlation 
sum of cross products of X and Y; 
sum of squares for X (seeds/head, heads / plant or 
weight/ I 00 seeds) ; 
sum of squares of Y (yield). 
Climatic and soil fertility conditions during the 19 68 season were 
favorable for good growth and maturation of sorghum. Rainfall at both 
locations was markedly higher than normal in June, and was near or 
above normal for the remaining months of the season. Average monthly 
temperatures were near normal to several degrees below normal through-
out the growing season, and were similar at both locations. The mean 
grain yield in bushels / acre for all entries was 110 at Ames and 87 at 
Castana. 
RESULTS AND DISCUSSION 
Trends among the means for different main effects and fir st order 
interactions indicated appreciable differences in performance at the two 
locations, and a lack of homogeneity of the error mean squares was 
shown. Therefore, analyses of the data combined over locations were 
not made, and results are tabulated individually for the Ames and Cas-
tana tests. A summary of levels of significance for the yield and yield 
component data in relation to the main treatment sources of variation is 
shown in Table 1. Treatment means for each attribute are presented in 
Table 2. 
Significant differences for yield at the three row spacings were ob-
tained at Castana, but not at Ames. At Castana, yields were highest in 
30-inch row widths and nearly equal for the 40- and 20-inch widths. 
Approximately a 10% advantage was obtained for 30-inch row widths over 
both the other spacings. At Ames, a 4% higher yield was obtained for 
30-inch over 40-inch row widths, and a 12% advantage for 40-inch over 
20-inch spacings, but these differences were not significant. Previous 
studies at Ames (1, 7) have shown advantages of 6 to 11 % for 30-inch 
over 40-inch widths. 
Row- spacing effects on seeds / head were significant in both tests, 
with the means for 30-, 40- and 20-inch spacings ranking in that order. 
Means at Castana were nearly alike for 30- and 40-inch row widths, but 
appreciably smaller heads were obtained in 20-inch spacings. A 7 % 
advantage for 30- over 40-inch spacings was observed at Ames, and the 
40-inch spacings produced 12% more seeds / head than the 20-inch row 
widths. 
Differences in heads / plant at the three row spacings were very small. 
Row- spacing differences for 100- seed weight were significant and showed 
a small advantage for 40-inch row widths. Thus, more seeds / head was 
Table 1. Significance levels for treatment effects on grain yield and yield component data, Ames and 
Castana, Iowa, 1968. 
+ Degrees 100-seed weight Heads/Elant Seeds/head Grain l'.ield Source of variation of freedom Ames Castana Ames Castana Ames Castana Ames Castana 
Row spacings 2 •k··k ... k NS ·k .. k ·k·k "k"·k NS >'<>'< 
Hybrids 5 'il;:··k *>'< "'k"'k NS ·k·k "k"k "'k"'k ..,"(·;'( 
~ parents/hybrids 1 "'k-.,'( ··k··k NS NS NS >h\: ·k·k >h\: 
d parents/hybrids 2 * .. k ·k··k *'" NS *"k ·k ·k -/( ··k-k 
Populations 1 NS ··k"'k "k"'k -/d; --/('"/( ·k ·k ··k··k "k"i'( 
Height genotypes 1 'i'<""k >'n'< ·k ·k ·k·k NS ..,~ .. k "k'"k i; 
Error c mean square 108 .015 .013 .Oll .005 27,754 25,531 32,486 13,217 
c.v. (%) 5.0 5.3 9.8 2.1 10.6 8.4 8.0 6.8 


















Table 2. Treatment means for grain yield and yield component data Ames and Castana, Iowa, 1968. 
>-<:! 
100-seed wt. (g) Heads/plant Seeds/head Grain yield {bu./a.) H M 
Treatment Description Ames Castana Ames Castana Ames Castana Ames Castana L1 
b 
Row spacing 20 inch 2.35 2.19 1.09 1.04 1423 1282 101.2 83.8 0 0 
30 inch 2.48 2.20 1.09 1.07 1698 1431 117 .2 92.8 ~ 
40 inch 2.59 2.26 1.06 1.03 1593 1397 112 .9 84.1 ftJ 
L.S.D. .05 .06 .02 NS .01 272 230 NS 8.6 0 z 
M 
~ parents/hybrids Martin 2.37 2.13 1.08 1.07 1591 1319 106.7 80.4 z 
Kafir 2.57 2.31 1.08 1.04 1551 1421 114.1 93.4 1-j Cfl 
L.S.D. .05 .02 .06 NS NS NS 62 5.0 4.0 H z 
d parents/hybrids Tx. 7078 2.28 2.07 1.13 1.06 1580 1438 117 .9 86.6 c;J 
Tx. 07 2.51 2.34 1.05 1.05 1657 1353 113 .5 89.2 ~ :i> 
Redbine 60 2.62 2.25 1.07 1.04 1475 1319 110.2 84.9 H 




Populations 104, 000 plts./ a. 2.46 2.19 1.01 1.02 1259 1095 113 .0 92.1 ~ 
52,000 plts./a. 2.49 2.25 1.15 1.07 1884 1644 107.8 81. 7 c;J 
~ 
L.S.D. .05 NS .06 .04 .03 64 44 3.6 2.3 c: 
~ 
Height genotype 3 x 3 dwarf 2.66 2.32 1.06 1.03 1589 1341 116 .4 87.8 
4 x 3 dwarf 2.28 2.11 1.11 1.06 1553 1399 104.4 85.9 
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the component largely responsible for the higher yield in 30-inch row-
widths. Tb,e plant distribution in 30-inch row spacings is intermediate 
between the extremes used in this experiment for between row spacing 
and for number of plants / foot w ithin a row. This population and spacing 
combination evidently provided the best competitive environment, re-
sulting in highest grain y ields. 
From shading and defoliation experiments with grain sorghums, 
Gomez 1 determined the relative contribution of different plant parts to 
the dry matter content of the grain . In Combine Kafir 60, the lower 
leaves, upper 4 leaves, flag leaf, and the head contributed 14-16%, 52-
60 %, 9-11 % and 15- 23% to grain yield, respectively, when shading treat-
ments were applied from anthesis through the g rain filling period. The 
leaf canopy in 20-inch row w idths completely covers the ground, thus 
the contribution of leaves below the flag leaf to dry matter in the grain 
likely is very small. With 40-inch row widths, considerable space be-
tween the rows is not covered by leaf canopies of the adjacent row. In 
30-inch row widths, the canopies just meet, shading the lower leaves 
much less than does the canopy of 20-inch row widths. Plants in 30-inch 
row spacings at the high plant population seemingly made best use of the 
whole plant, particularly leaves below the flag leaf, as a source of 
photo synthate. 
Differences among hybrids exceeded the 1% probability level for all 
attributes except heads / plant at Castana. The treatment means and 
certain of the interactions among treatments indicated that differences 
among hybrids were related considerably to male or female parentage. 
Hybrids with a Kafir female parent yielded 15 % more at Ames and 7 % 
more at Castana than the Martin hybrids. An advantage of 8 % for 100-
seed weight was exhibited at both locations for Kafir hybrids. Kafir hy-
brids also exceeded the Martin hybrids by 8 % in seeds / head at Castana. 
Male parentage effects were more variable between locations, but were 
significant for all attributes except heads / plant at Castana. 
Differences between the high and low populations exceeded the 1 % 
probability level for all traits except 100-seed weight at Ames. In-
creases in yield for the high over the low population at Ames and Cas-
tana were 13% and 5%, respectively. The yield increase at Ames should 
make the additional seed cost worthwhile, but the advantage at Castana 
may not. Seasons with less plentiful rainfall may diminish the advantage 
of the high population. Populations of 70, to 80 thousand plants/acre 
gave highest yields for ' 4 x 3 dwarf hybrids in experiments in two less 
favorable seasons at Ames (1). In the 1968 experiments, highest yields 
were obtained at both locations with 104, 000 plants / acre in 30-inch row 
widths. 
Means for the yield components were greater at both locations for the 
low population. Seeds / head was approximately 50 % higher for the low 
population at both Ames and Castana. A 14% increase in heads / plant at 
Ames and a 5% advantage at Castana were obtained with the low popula-
tion, but 100- seed weight differences between populations were negligible. 
Except for seeds / head at Ames, the 3 x 3 and 4 x 3 dwarf height 
1 Gomez, Jose E. Dry matter contribution of sorghum plant parts to 
grain yield. M. S. Thesis. Iowa State University Library. 19 70. 
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genotypes differed significantly for all characters at both locations. The 
yield advantage for tall over short hybrid counterparts was 12% at Ames, 
but only 2% at Castana. Previous studies at Ames (7) showed yield ad-
vantages of 9, 10, and 11 % for 3 x 3 over 4 x 3 dwarf hybrids of com-
parable genotypes in three separate experiments. Weight / 100-seeds 
was greater for the 3 x 3 dwarf hybrids by 17 % at Ames and 9 % at Cas-
tana. In contrast, the 4 x 3 hybrids produced slightly more heads / plant 
at both locations. Seeds / head for the two height types did not differ sig-
nificantly at Ames, and only a 4% advantage for 4 x 3 hybrids was shown 
at Castana. 
In addition to the average effects for each main treatment, their in-
teractive effects were examined through the use of tables of interaction 
means and the variance analyses. With four treatment variables the 
number of interaction tables becomes unwieldy for presentation. Signi-
ficance was not indicated in the variance analyses at either location for 
many of the interactions, particularly the second and third order inter-
actions. The first order interactions most often significant for the 
various attributes were those for spacings x populations, hybrids x 
populations, and hybrids x height genotypes. When the hybrids x popu-
lation and hybrids x height genotypes interactions were partitioned fur-
ther into the interactions of female or male parentage with populations 
or height genotypes, significance again was frequently indicated. Table 
3 provides a consolidated presentation of main treatment effects and 
certain of the interaction sources of variation in relation to yield and 
yield component associations. The correlation coefficients serve to 
indicate the relative extent that the covariations between grain yield and 
the different yield components are influenced by the different treatment 
and interaction sources of variation. 
For both locations, the correlations are high in most instances for 
the association of grain yield with seeds / head. Appropriate tests of 
significance for this type of correlation have not been described, hence 
judgments on the relative contributions of different sources of variation 
to the covariance between attributes can only be based on relative mag-
nitude of the coefficients. High-to-moderate coefficients are shown for 
the effects of all main treatments on the seeds / head and yield associa-
tion. Large negative coefficients were obtained at both locations for the 
populations source of variation. The means for seeds / head (Table 2) 
were much smaller at the high population, and the variation expressed 
also was lower. The potential for fuller expressions of inherent head 
size and a greater impact on yield evidently were greater under the less 
competitive environment of the low population. 
Partitioning of the source of variation for hybrids into female and 
male parent segments indicated that for the correlations of all yield 
components with yield, influence of the hybrids was related to a greater 
extent with female than with male parentage. This proportionately 
greater effect of the female parent also is borne out in the interaction 
sources for SF vs. SM, FP vs. MP, and FG vs. MG in most of the 
correlations. 
High coefficients for the seeds / head with yield correlation were ob-
tained in relation to the spacing x populations interaction. Moderately 
high correlations for yield with seeds / head were observed for the 
Table 3. Coefficients of correlation for yield with yield components in relation to source s of \Jl 
variation for the covariance analyses. -.J 
N 
Grain yield with 
Seeds/head Heads/Elant 100-seed weight 
Source of variation Ames Castana Ames Castana Ames Castana 
Row spacings (S) .991 .700 - .015 .010 .074 -.002 
Hybrids (H) .694 . 710 .005 -.004 . 726 .705 
~ parents/hybrids (F) -.981 .990 .020 -.010 .904 .915 :» 




SH .676 .695 .007 .002 .003 .006 z (fJ 
SF .998 .997 -.008 .003 .007 .010 ~ 
::s 
SM .162 .438 .007 .006 .007 .003 p.. 
Populations (P) -.996 -.985 - . 031 -.010 -.010 -.001 ~ 
SP .848 .981 -.009 -.003 -.016 -.007 ?;J i--3 
H 
HP -. 824 .945 .003 -.005 .000 .002 z 
M 
FP -.999 .999 .010 -0.31 .010 -.100 N 
MP -.649 .901 .007 -.003 -.003 -.020 
Height genotypes (G) .990 -.983 - .010 -.010 .977 .903 
SG .006 .002 - .001 .006 .010 .010 
PG .504 -.760 -.010 -.010 .010 .010 
HG .800 .900 .003 -.006 .017 .010 
FG .920 -.909 .009 -.010 -.009 .006 
MG .900 .894 .003 -.009 .098 .010 
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population x height genotype interactions, but very small coefficients 
were obtained relative to the spacings x height genotype source of vari-
ation. 
All corr e lations for yield with heads / plant were very small. Tiller-
ing was not profuse in either test. Therefore, heads / plant was the 
component exerting the least effect on g rain yield, and little variation 
in magnitude of the coefficients relative to treatment and interaction 
sources of variation was evident. 
The hybrids and height genotype sources of variation contributed 
markedly to the covariation between 100- seed weight and yield. Corre-
lations relative to all other treatment and interaction sources of varia-
tion were very small. The treatment means for both yield and 100- seed 
weight were larger for 3 x 3 than 4 x 3 hybrids at both locations. Again, 
the hybrid effect was associated to a greater degree with female rather 
than male parentage. Kafir hybrids were higher in both yield and seed 
weight than the Martin hybrids. 
The correlations as a measure of covariation between grain yield and 
its components indicate that seeds / head exerted the greatest influenc e 
on yield and heads / plant had the least effect. Row spacings, plant popu-
lations, height genotype, and hybrids (particularly in relation to female 
parentage) strongly influenced the seeds/head and yield correlation . 
The SF, SP, FP, MP, PG, FG, and MG sources of variation showed 
marked interactive effects on the covariation between these attribute's. 
Hybrids (both their female and male parentage effects) and height geno-
types were the only sources of variation reflecting a marked influenc e 
on the association of 100- seed weight with yield. Heads / plant and grain 
yield showed very low correlation in relation to all treatment and int er-
action variables . 
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CHANGE IN GENETIC VARIANCE FOR SEVEN PLANT AND 
EAR TRAITS AFTER FOUR CYCLES OF RECIPROCAL 
RECURRENT SELECTION FOR YIELD IN MAIZE 1 
Arnel R. Hallauer 2 
ABSTRACT. This s tu d y w a s co n duct e d to d et e rm in e th e 
correlative response of seven plant and ear traits with 
reciprocal recurrent selection for yield in Stiff Stalk 
Synthetic and Corn Borer Synthetic No. 1. Estimates 
of additive genetic variance, variance due to domi-
nance deviations, heritability, and additive genetic, 
total genetic, and phenotypic correlations were esti-
mated. Six populations were studied; the two origi-
nal unselected base populations, the two reconstituted 
fourth cycle populations after four cycles of selection 
for yield, and the syn. 3 generation of the two hybrid 
populations formed by crossing the two original and 
the two fourth cycle populations. 
Except for silking date and kernal depth, no corre-
lative response of the plant and ear traits with selec-
tion for yield were obtained. Average silking date 
was changed from a 6-day difference in the original 
populations to identical silking dates for the fourth 
cycle populations. The change in silking date was 
probably due to the selection of plants in producing 
the testcrosses for yield tests. Additive genetic vari-
ance decreased and variance due to dominance devia-
tions increased for kernel depth with selection for 
yield. The response of kernel depth was similar to 
yield, indicating that kernel depth was influenced by 
selection for yield. Avera g e kernel depth, however, 
did not show any significant change. 
The estimates of heritability for each trait and cor-
relations among traits were similar for all popula-
tions. Average heritabilities were relatively high for 
silking date (81 %) and plant (64 %) and ear (74 %) height; 
intermediate for ear 1 en gt h ( 4 5 %) and cob diameter 
(49 %); and relatively low for ear diameter (35 %), ker-
1 Contribution from the Crops Research Division, Agricultural Research 
Service, U.S. Department of Agriculture, and the Iowa Agriculture and 
Home Economics Experiment Station, cooperating. Journal Paper No. 
J-6655 of the Iowa Agr. and Home Econ. Exp. Sta., Ames, Iowa 50010. 
Project No. 1335: 
2 Research Geneticist, Crops Research Division, Agricultural Research 
Service, U.S. Department of Agriculture, and Professor of Agronomy, 
Iowa State University, Ames, Iowa. 
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n e 1 depth ( 2 8 %) , and y i e 1 d ( 2 8 %) . Kern a 1 depth had the 
highest additive and total genetic correlation with 
yield, whereas ear diameter had the highest pheno-
typic correlation with yield. 
Most selection experiments are directed to the improvement of one 
primary quantitative trait. Evaluation of the effectiveness of selection, 
comparison of predicted with observed improvement, and the change in 
genetic variability with ·selection also are related generally to the pri-
mary trait under selection. The modification of other traits after selec-
.tion for one primary trait is called correlated response. According to 
Lerner ( 19 58), the ideas of homeostatic regulation and of coadaptation 
of the gene pool would imply the existence of correlated changes in al-
lelic frequencies. The genetic mechanisms underlying correlated re-
sponse include pleiotropism, linkage, and the association of either genes 
or blocks of genes OJ}. different chromosomes. All mechanisms imply 
that a genetic correlation exists between the primary traits and the other 
traits measured. Since the genetic variances and covariances are de-
pendent on gene frequency, the relative magnitude of the associations 
among traits would be expected to fluctuate with changes in gene fre-
quency of either the primary trait or the associated traits measured. 
Stiff Stalk Synthetic and Corn Borer Synthetic No. 1 have been under 
reciprocal recurrent selection for yield since 19 49. The population 
eras ses, between the original Stiff Stalk Synthetic and Corn Borer Syn-
thetic No. 1 and the reconstituted populations for the successive cycles 
of selection, have been evaluated for yield (Penny et al. 19 63, and 
Penny, L. H. 19 64, U.S. Department of Agriculture ~d Iowa Agricul-
ture and Home Economics Experiment Station Annual Report of Corn 
Breeding Investigations). Hallauer (1970) estimated genetic variances 
for yield for the original populations of Stiff Stalk Synthetic and Corn 
Borer Synthetic No. 1, the reconstituted populations after four cycles of 
reciprocal recurrent selection, and the syn. 3 generation of the original 
~nd reconstituted fourth cycle hybrid populations. For yield, the esti-
mates of the additive genetic variance showed a significant reduction 
from the original to the fourth cycle for the Stiff Stalk Synthetic and 
hybrid populations. There was no change in the estimates of additive 
genetic variance after four cycles of selection in Corn Borer Synthetic 
No. 1. 
Identification of the changes in the genetic variance for seven plant 
and ear traits after four cycles of reciprocal recurrent selection for 
yield are the main objectives of this study. Estimates of the variation 
due to additive genetic effects and deviations due to dominance in the 
original and fourth cycle reconstituted populations for seven plant and 
ear traits are presented. In addition, estimates of the additive genetic, 
total genetic, and phenotypic correlations among six plant and ear traits, 
and with yield, were determined for the original, reconstituted fourth 
cycle, and hybrid populations. 
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MATERIALS AND METHODS 
I included six populations in my study : the original (CO) SSS and CBS 
populations, randomly mated periodically in the nurseries to maintain 
seed viability; the reconstituted fourth cycle populations ( C4), developed 
by recombining the 10 S 1 lines of the superior-yielding half- sib families 
and randomly mated three generations; two hybrid populations (CO x CO 
and C 4 x C4) produced by crossing the original varietie s (SSSCO x CBSCO) 
and the reconstituted fourth cycle populations (SSSC4 x CBSC4), which 
also were randomly mated for three generations. 
The cross- classification mating design (Design 2) was imposed on the 
six populations. Comstock and Robinson (1948) described Design 2 as 
being applicable to multi-flowered plant species. The Design 2 mating 
scheme was used by selfing approximately 100 plants in each population. 
The S 1 progenies were used as the female parents in the mating design. 
The males, however, were randomly selected So plants. Four males 
(So plants) were crossed with four females (S 1 progenies) to form a set. 
To have a reasonable sample of individuals from each population, 20 
sets were produced for each population, a sample of 160 individuals 
from each population. 
Since I used the S 1 progenies as females, I needed pollinations on 
several S 1 plants for a sample of seed representative of the original So 
plant genotype. A minimum of 10 plants were pollinated in each S 1 
female. This required rebagging the male plants 3 to 4 days for a mini-
mum of 40 pollinations for the four females for each male within each 
set. Since a theoretical minimum of 3, 200 pollinations w as needed for 
each population, all full- sib progenies for all populations were not pro-
duced the same year. The following schedule was used for producing 
the full-sib progenies: 1962 (SSSCO), 1964 (CBSCO), 1965 (SSSC4 and 
SSSCO x CBSCO), and 1966(CBSC4 and SSSC4 x CBSC4). 
The full- sib progenies were grown at three locations (Kanawha, Ames, 
and Ankeny, Iowa) in 1967; each location was considered an experiment. 
Because of the large number of progenies (320 for each population), the 
progenies were grown in randomized incomplete blocks. Each block in-
cluded one set from each of the six populations. Complete randomiza-
tion was used for the assignment of sets to blocks; the position of sets 
within a block; and the position of each full- sib progeny to plots within 
each set within each block. I replicated each progeny twice within each 
block. Therefore, I had 20 blocks at each location (or experiment), each 
block containing 9 6 full- sib progenies. The incomplete block arrange-
ment was used to minimize, as much as possible, the difference in ex-
perimental error among the six populations. My primary interest was 
in comparing the relative magnitude of the components of variance pooled 
over the 20 blocks rather than the average performance of the full- sib 
progenies . 
My basic plot contained 17 single-plant hills distributed 25 cm apart 
in single-row plots spaced 102 cm apart. All plots were over-planted 
and thinned to single-plant hills with no compensation for stand. Data 
were obtained for plant and ear height (cm), ear length (cm) and diam-
eter (cm), cob diameter (cm), kernel depth (cm), and yield (g / plant) in 
all experiments and for silking date for the Ames experiment. 
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Table 1 . Analyses of variance for each set , pooled across blocks for 
each population, end combined for the three locations for 
each populations. 
Source of variation d.f. Mean square Expected mean squarest 
Each set for each population 
Replications 1 
Males 3 ~ (]2 + 2a~ + 8a
2 
.m 





Males x females 9 ~ 
(]2 + 2a~ 
Error 12. M4 02 
Total 31 
Pooled across blocks for each population 
Sets 19 
Reps/sets 20 
Males 60 ~ a2 + 2cr
2 + 802 mf m 




Males/females 180 ~ 02 + 2cr
2 
mf 
Error-pooled lQ2 M4 02 
Total 639 
Combined across locations for each population 
locations 2 
Sets 19 
Sets x locations 38 
Reps/sets/locations 60 
Males 60 ~ a2 + 20
2 + 6a2 + 802 + 24o2 
mf.e mf m.e m 
Males x locations 120 ~ (]2 + 20~.e + 80
2 
m.e 
Females 60 ~ 
(]2 + 2cr2 + 
mf.e 6cr~ + 8a~.e + 24cr; 
Females x locations 120 M4 (]2 + 2cr
2 + 
mf.e 8a:.e 
Females x males 180 ~ (]2 + 2cr
2 + 6a 2 
mf.e mf 
Males x females x 
locations 360 M6 (]2 + 2cr~.e 
Error-pooled ~ ~ a2 
Total 1919 
See legends following page. 
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Legends for Table 
tm, f, and £refer to males , females, and locations, respectively. 
o2 = o2 = Covariance of half-sibs = (i)oA2' and o~ = [covariance of full-
m f 
sibs _ 02 _ 02] = (~)o2, where oA2 is the additive genetic variance m f D 
and o~ 
o2 = o2 
m£ f£ 
is the variance due to dominant deviations. 
interaction of covariance of half-sibs with locations 
(f", )cr~L 
2 = interaction of dominance effects with locations = (i)oD2 L 
omf£ 
crt = 4cr! = 4cr:; cr~ = 4cr~; o~L = 4o:!e = 4cr:2; and o~L = 4cr~£ 
The basic analysis for each trait was for each set for each population 
within a block. The analysis for each population was pooled acres s the 
20 blocks for each experiment, and finally, combined for the three ex-
periments (Table 1). All analyses were calculated in plot averages, 
which were determined for measurements on 10 competitive plants with-
in each plot. Missing plot values were calculated for any plots that had 
fewer than four competitive plants . 
Since the estimates of the components of variance were calculated 
from linear functions of independent mean squares, standard errors (SE) 
were calculated for all the estimates of the components of variance by 





~ __ M_S~-- ]~ 
i df. + 2 
l 
where er ~, MS., df., and C 2 are the appropriate components of variance 
1 1 1 
estimated mean squares, degrees of freedom, and constants (Table 1). 
An additional component of variance was estimated from Table 1 by pool-
ing the male and female sums of squares and degrees of freedom. This 
provided a pooled estimate (er 2 ) from the male and female sources of 
A 
variation . Likewise, I pooled the male and female interactions with 
locations to obtain a pooled estimate of the interaction of additive effects 
with locations (er AL2) . 
To determine the degree of associ ation between yield and the six 
plant and ear traits and among the six plant and ear traits for the six 
populations, the additive genetic (r A), total genetic (rG), and phenotypic 
(r p) correlations were calculated. The procedures used for calculating 
the correlations were given by Mode and Robinson (1959). 
Heritabilities (h2) were calculated on a per plot (h~, replication (h~), 
and experimental (h2 ) basis and by pooling the individual experiments 
(h~) for each trait ab'.d for each population. 
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RESULTS AND DISCUSSION 
The estimates of the components of variance, coefficients of varia -
bility (C. V.), average of full - sib progenies (x), average degree of domi-
nance (a), and heritabilities (h2 ) for each trait for each population are 
given in Tables 2 and 3. The C. V.'s (Table 3) indicate that the experi-
mental error in collecting the data for each trait was relatively small 
for all traits. The highest average C. V. ' s were obtained for kernel 
depth (13. 5%) and yield (14 . 5%). The largest change in the average per-
formance of the populations was for silking date. There was approxi-
mately a 6-day difference for silking date between the two original un-
.selected parents (36. 8 for SSSCO vs. 30. 7 for CBSCO ). After four 
cycles of selection, the average silking date was nearly identical (34. 1 
for SSSC4 vs. 34. 0 for CBSC4). The plant and ear height measurements 
decreased for the SSS and hybrid populations, with v ery little change in 
the CBS populations. There were no significant chang es in the mean 
for any of the other traits (Table 3) . 
The estimates of er Af and er Am w ere s imilar for all traits. The major 
discrepancy was for kernel depth; all estimates of er~m were lower than 
er 2Af except for SSSC4, which was more than t w ofold lar g er than 'Ci- 2Af" 
For all other traits, there is no evidence that the estimates of er Am are 
either larger or smaller than the estimates of er~r Hence, the male 
and female sums of squares and deg rees o f freedom w ere pooled to 
estimate er ~ . ." 
The largest proportion of the total g enetic variance (CTG), on the aver-
age, was due to additive effects (er~). Table 3 shows that for silking date, 
plant and ear height, and cob diameter "'!lore t h an 8 0% of the crG. was due 
to ~i_. The proportion of U-b due toG-i_ w a s 74% for ear length, 65 % for 
ear diameter, and 66 % for kernel depth, which are low er than the afore-
mentioned four traits, but higher than for yield (5 8%) . 
The estimates of er .A among the three pairs of populations were not 
consistent. However, for kernal depth, <T A_ decreased, though nonsigni-
ficant, from the CO to the C4 for all populations which was reflected in 
the relative increase of the O-b /G-G from the CO to the C4. The change 
in the average silking dates (Table 3) for the C 0 and C4 SSS and CBS 
populations seems to have influenced th e estimates of er ~ (Table 2) for 
silking date and plant and ear height. Selection for earliness increased 
'S-A_ for SSS and selection for lateness decreased O-A_ for CBS for silking 
date and plant and ear height . None of the changes was significant, but 
the changes for plant height approach significance for the increase in 
SSS and decrease in CBS. All estimates of er _A, however, were signifi-
cantly different from zero. 
The interaction of additive effects with locations (&~L) was significant 
for plant and ear height for all populations. None of the estimates of 
er AL was significant for ear length. For ear and cob diameter and kernel 
depth, the estimates of er~L varied among populations (Table 2). Two 
negative estimates of erAL were obtained for cob diameter, but they were 
within one standard error of zero. For all traits, the estimates of er~L 
were relatively small compared with the estimates of a2 • 
Estimates of erb were significant for all populations "ior plant and ear 
height. For the other traits, there was not a consistent trend for the 
Table 2. Est imates of the components of variance for seven traits obtained f rom the combined analysis 
of three experiments and for silking date for each of six populations. 
Co~onents of Variance 







""2b C1Am ""2 crALm 
""~ 
crA aX1 
Silki!!ej date {XlO~ () 
sssc 8.5±6. 7 37.3± 9.2 23. 8± 6. 8 30.5±5.8 
M -- -- -- -- z 
sssc4 10. 7±:7 .6 ...... 41.8± 9.7 ... ... 40.7± 9.5 ... ... 41.1±6.9 ... ... M 
5.6±4.6 42.3± 9.3 52.3±11.1 47.3±:{.3 1-j CBSC ..... ..... ... ... .. ... H 
CBSC0 17.4±6.6 ...... 26.6± 7.4 .. .. 33.8± 8.7 .._ 30.2±5. 8 .... () 





sssc 27±8 12±11 116±26 22±:{ 125±27 18± 7 121±19 
() 
20±5 M 
sssc4 23±6 .. 3± 9 174±35 25±6 156±32 23± 6 164±24 24±5 H 
CBSC 31±8 .. 15±10 139±29 19±6 183±37 11± 6 161±24 15±4 z 
CBSC0 27±8 -21±11 124±26 15±6 63±22 109±18 94±17 62±9 ~ 
sssc4 x CBsc 29±8 - 2±10 129±27 12±6 138±29 20± 7 133±20 16±5 ;:i> H 0 0 19±6 2±10 134±28 17±6 128±26 18± 6 131±19 18±4 N sssc4 x CBsc4 M 
Ear hei5ht 
sssc 9±4 13±6 116±23 8±4 133±24 6±4 125±16 7±3 
sssc4 16±4 4±5 110±22 17±4 144±28 10±3 127±18 14±3 
CBSC 20±4 1±5 142±28 11±4 118±23 ... 1±2 130±18 5±2 
CBSC0 21±4 1±5 140±28 10±3 116±23 12±4 128±18 11±2 
sssc4 x CBsc 19±4 -10±6 130±26 14±4 144±28 15±4 137±19 14±3 
0 0 16±4 1±6 146±29 14±4 102±21 14±4 124±18 14±3 SSSC 4 x CBSC 4 \.}1 
00 
U1 
Table 2. (continued ) 
o::i 
N 
















sssc .33±.19 ... 39±.35 0.71±.22 .21±.16 i.45±.36 .30±.17 1. 08±. 20 .25±.13 
sssc4 .14±.15 .19±.29 0.90±.24 .24±.16 l.ll±.27 .11±.13 i.01±.18 .17±.11 
CBSC .55±.24 ... 66±.42 i.31±.32 .05±.17 0.90±.28 .17±.20 1.10±.22 .11±.14 
CBSC0 .76±.24 .12±.36 i.35±.36 .25±.18 i.43±.36 .01±.15 i.39±.26 .13±.12 
sssc4 x CBsc .47±.17 ... 27±.28 i.93±.43 .19±.16 1. 55±.34 .04±.12 1.74±.28 .12±.10 ~ 0 0 .49±.20 ... 20±.33 i.07±.28 .14±.16 i.15±.32 .40±.14 1.11±.22 .27±.13 ~ sssc4 x CBsc4 z 
Ear diameter {Xl02 ~ M t""' 
sssc .. 0.08±.64 1. 40±1. 28 2.32±. 76 1.10±.64 3. 43±. 88 0.38±. 56 2. 87±. 56 0.74±.48 ~ 
sssc4 o. 95±.52 0.34± . 88 1. 72±. 72 2.74±.68 3.o6±. 76 0.33±.40 2.39±. 52 l.54±.40 ::r:: CBSC 1.21±.60 0.10±1.00 2.61±.76 0.42±.48 1.81±. 56 .. 0.10±.40 2.21±.48 0.16±.35 ~ 
CBSC0 i.63±.66 .. i,36±1.12 2. 93±. 84 0.28±.48 1.88±.64 o.41±.48 2.40±.52 0.34±.42 t""' 
sssc4 x CBsc i.16±.56 0. 88P .96 2. 74±. 76 0.54±.48 3 .33±. 84 0.02±.40 3.03±.56 0.28±.34 ~ 0 0 i.55±.56 .. 0.92± . 88 2.28±.64 0.12±.38 i.51±.60 i.36±. 52 1. 89±.44 o. 74±.35 sssc4 x CBSC4 c:::: M 
Cob diameter {Xl02 ~ ~ 
sssc -.o8±.28 .48±.56 1.81±.44 .11±.24 2. 76±.52 ... 32±. 20 2.29±.36 ... 11±.16 
0 
sssc4 .• 11±.20 ... 48±.44 1. 73±. 44 .64±.24 i.21±.~o .o6±.18 l.i7±.2~ .~6±.16 
CBSC • 23±.24 .04±.48 1. 26±.32 ... o6±.16 1. 93±. 4 .19±.20 i. o±. 2 • 2±.12 
CBSC0 .04±.20 .32±.40 i.97±.40 ... 18±.16 1.61±.36 .02±.17 i.79±.17 -.o8±.10 
sssc4 x CBsc .67±.29 .o8±.47 1.81±.46 .• 18±.22 1.66±.44 .33±.23 1. 74±.32 .26±.17 
0 0 .26±.20 ... 48±.40 1. 28±.31 ... 07±.16 1.41±.36 .34±.20 1.34±. 24 .14±.14 sssc4 x CBsc4 
Table 2. (continued) 
Population a2 "'2 "'2 "'2 "'2 "'2 -"2 D 0DL <1Af 0ALf (JAm (JALm crA 
Kernel deEth !Xl02 l 
sssc o.o8±.44 0.56±.92 1.88±.56 1.03±.51 1.11±.44 .62±.46 i.50±.37 
sssc0 1.00±.44 -0.82±. 72 o.84±.47 1.86±.52 2.11±.60 .67±.36 i.47±.39 
CBsc4 0.22±.44 1.20±.88 1.44±.44 0.02±.38 0.91±.36 .28±.40 i.17±.30 
CBSC0 1.13±.52 .. 0.58±.92 1.19±.52 1.04±.48 o.84±.42 .48±.43 1.02±.35 
sssc4 x CBsc o.41±.44 0.62±.84 2.04±.56 o.o8±.36 1.47±.46 .17±.37 i.76±.37 
sssc4 x CBsc4 1.84±.52 -2.26±.80 l.o6±.44 0.36±.34 0.34±.36 .96±.41 0.70±.30 
~ 
sssc 237±64 111±84 220±(0 39±40 148±60 77±45 184±48 
sssc4 111±40 37±60 74±40 130±41 186±56 77±:34 130±:34 
CBSC 58±42 ... 22±(6 69±:36 61±39 216±60 56i',39 143i34 
CBSC0 103±42 55±66 lo6±44 98±40 160±52 87±38 133±:35 
sssc4 x cssc 120±47 32±!5 270±71 38±:36 162±56 103±44 216±47 
0 0 69±42 53±72 82±37 48±:37 110±44 85±41 96±29 SSSC 4 x CBSC 4 
8 a2 f is the estimate of additive genetic variance due to the female source of-variation. 















c at is the estimate of additive genetic variance obtained by pooling the sums of squares and degrees 





















Average performnce (x), experimental error (~2 ), coefficient of variation _(c.v. }, ratio of 
Vl 
Table 3. 00 
dominance variance to .total variance (a~/~), average degree of dominance (a), and heritability ~ 
{h2 ) for eight traits for each of six pop ations. 
Population x ~28 c.v.(i) a2ra2 -a2;-a2 -b ~ ~ hf ~ Avg. a D G D A 
Silkins date a 
sssc 36.8±.6 2.2±.18 4.1 .22 .28 .75 74 76 -- -- 75 
sssc4 34.1±.5 1.8±.15 4.o .21 .26 .66 77 78 -- .... 78 
CBSC 30. 7±.5 1.6±.13 4.1 .10 .12 .24 87 88 .... -- 88 CBSC0 34.o±.6 1.9±.16 4.1 .36 .58 1.15 61 62 .... -- 62 ~ 
sssc4 x c:ssc 34.6±.6 2.3±.19 4.4 .o8 103 lo6 104 ?:J .... -- .... .. ... z sssc4 x CBsc4 33.0±.5 1.6±.13 3.8 .19 .23 .25 79 80 .... -- 80 tr:! Avg. 33.9 1.9 4.1 .19 .29 .61 80 82 81 t-< 
?:J 
Plant hei5lrt (cml 
~ 
sssc 195±'.3 60±3 4.o .18 .22 .67 50 58 70 59 59 ~ 
sssc4 178±3 51±2 4.0 .12 .14 .53 63 70 80 72 71 t-< t-< 
CBSC 189±3 64±'.3 4.2 .16 .19 .62 63 72 77 69 70 ~ 
CBSC0 187±3 71±3 4.5 .22 .29 .57 40 ~ 61 67 54 c:: 
sssc4 x c:ssc tr:! 191±3 61±'.3 4.1 .18 .22 .66 56 64 74 63 64 ?:J 0 0 188±3 54±2 3.9 .12 .14 .54 58 66 78 67 67 SSSC 4 x CBSC 4 Avg. 188 60 4.1 .16 .20 .60 55 63 73 66 64 
Ear hei5ht ( cml 
sssc 97±2 31±2 5.8 .07 .o8 .39 68 74 84 71 74 
sssc4 81±2 28±1 6.5 .12 .13 .51 67 72 81 75 74 
CBSC 84±2 30±1 6.4 .14 .16 .56 70 76 82 72 75 
CBSC0 88±2 28±1 6.o .14 .17 .58 68 73 80 74 74 
sssc4 x c:ssc 93±2 36±2 6.4 .12 .14 .52 70 77 83 77 77 0 0 88±2 32±1 6.4 .11 .13 .51 66 72 81 74 73 SSsc4 x CBsc4 Avg. 88 31 6.2 .12 .14 .51 68 74 82 74 74 
Table 3. (corrtinued) 
Population x (12 c.v.(~) '(12/~2 D G a2;g2 D A a: ~ ~ ~ ~ Avg. 
Ear le~h (cm l 
sssc i7.1±.6 2.1±.1 8.6 .23 .31 0.79 32 38 64 39 43 
sssc0 17.2±.5 1.6±.1 7.3 .12 .14 0.52 32 44 62 38 44 
CBsc4 18.7±.6 2.6±.1 8.6 .33 .50 1.00 30 46 61 34 43 (} 
CBSC0 18.7±.6 2.0±.1 7.5 .35 .54 1.04 32 41 53 34 40 M 
sssc4 x CBsc 18.1±.5 1.7±.1 7.2 .21 .28 0.73 46 60 71 49 56 z 
0 0 18.6±.6 2.0±.1 7.5 .30 .44 0.94 30 42 53 38 41 M SSSC 4 x CBSC 4 t--3 Avg. 18.1 2.0 7.8 .26 .37 .84 34 45 61 39 45 H 0 
Ear diameter (cml < ::i> 
sssc 4.7±.1 6. 7±.3 5.4 25 35 58 31 37 ?::! -- -- -- ~ sssc4 4.6±.1 4.8±.2 4.8 .28 .40 0.80 24 31 47 39 35 z 
CBSC 4.6±.1 5. 7±.3 5.2 .35 .54 1.04 24 34 49 25 33 0 
CBSC0 4.5±.1 6. 7±.3 5.7 .40 .68 1.16 25 38 52 28 36 M 
sssc4 x CBsc 4.7±.1 5.0±.2 4.8 .28 .38 0.87 29 38 54 32 38 H 0 0 4.6±.1 5.4±.2 5.0 .45 .82 1.28 22 32 44 30 32 
z 
sssc4 x CBsc4 ~ Avg. 4.6 5.7 5.2 .35 .56 i.05 25 35 51 31 35 ::i> 
H 
Cob diameter ( cml N M 
sssc 3.0±.1 3 .0±.1 5.7 ... .. .. .. .. 41 56 79 39 54 
sssc4 3 .0±.1 2.6±.1 5.4 .07 • (J( .38 36 53 75 44 52 
CBSC 2.9±.1 2.4±.1 5.3 .12 .14 .53 33 43 62 39 44 
CBSC0 3 .0±.1 2.3±.1 5.1 .02 .02 .21 41 56 76 39 53 






Table 3. (continued) O' 
Population x a2 c.v.(%) s2;a2 D G ""V""2 cr crA a ~ ~ ~ ~ Avg. 
Kernel deEth {cml 
sssc 1. 7±.1 5.0±.2 13.2 .05 0.05 0.32 19 27 48 29 31 
sssc4 1.6±.1 4.5±.2 13.2 .40 o.68 1.16 20 28 43 37 32 
CBSC 1.7±.1 4.4±.2 12.6 .16 0.19 0.61 16 24 42 18 25 
CBSC0 1.5±.1 5.4±.2 15.0 .53 1.11 1.49 13 20 32 23 22 
sssc4 x CBsc 1.7±.1 4.5±.2 12.7 .19 0.24 o.68 23 34 53 25 34 :i:-0 0 1.6±.1 5.2±.2 14.1 .72 2.62 2.29 11 20 27 22 20 ?:1 sssc4 x CBsc4 1.6 4.8 13 .5 .34 0.82 1.09 17 26 41 26 28 z Avg. M 
l' 
Yield ~li!iLElantl ?:1 
sssc 123±8 438±21 17.0 .56 1.29 1.60 18 23 32 24 24 ~ 
sssc4 129±7 335±16 14.2 .46 o.86 1.31 18 24 35 32 27 :i:-
CBSC 152±9 450±21 14.o .29 o.41 0.90 21 31 48 29 32 l' 
CBSC0 140±8 356:t17 13.5 .44 0.78 1.24 18 24 36 30 27 ~ sssc4 x CBsc 141±8 417±20 14.5 .36 0.56 1.05 25 33 47 34 35 c:: 0 0 147±8 399±19 13.6 .42 0.72 1.20 14 20 24 M sssc4 x CBsc4 32 22 ?:1 Avg. 139 399 14.5 .42 0.77 1.22 19 26 38 29 28 
8 Errors for ear diameter, cob diameter, and kernel depth are coded (Xl02). 
b a= [2ava:l!; valid only when p = q = 0. 5 
c h2 "" g2; cs2 + a2 + a2 + a2 + -02 ) 
A D DL A AL • 
d Number of days 50% silk a~er July 1. 
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relative significance of CJ-D. Only three of the 48 estimates of crD were 
negative, and they were within one standard error of zero. The inter -
action of the dominance deviations with locations (O-bL) was small for all 
traits, indicating that the variation of the effects due to dominance were 
small among locations. 
There was not a consistent trend for either the estimates of crD or 
crb/crb among the three pairs of populations for any of the traits except 
for kernel depth in which there was a consistent increase. The average 
ratio, G-b/0-b, for the three CO populations was 0. 13 as compared with 
O. 55 for the three C4 populations for kernel depth. For yield, the ratio, 
IT-bfob, decreased slightly from the CO to the C4 for SSS and increased 
from the CO to the C4 for CBS and SSS x CBS populations. 
Average degree of dominance (a in Table 3) ranged from partial to 
complete dominance for silking date, plant and ear height, ear length, 
and cob diameter. Nearly complete to overdominance was indicated for 
ear diameter, kernel depth, and yield. The variation in a among the six 
populations for each trait was relatively small except for silking date: 
The estimates of a ranged from . 24 for CBSCO to 1. 15 for CBSC4 for 
silking date. For ear length, complete dominance was exhibited in 
CBSCO and CBSC4, whereas partial dominance was shown in the SSS and 
hybrid populations. The average degree of dominance for kernel depth 
increased from partial dominance in the CO to over dominance in the C4 
for the SSS, CBS, and hybrid populations . 
The variation in h 21 s among the six populations for each trait was 
relatively small . Considering the seven traits for which data were ob-
tained in three experiments, h 21 s, on the average, increased from h 2 = 
36% to hk = 46o/o, and to h}_, = 59% . The estimates of hk were similal to 
the estimates of hk. The average bias due to environmental effects was 
7%, but this varied from 4 o/r for cob diameter to 10% for yield. Averag-
ing the h 21 s, for the four methods of estimation and the six populations , 
showed that h 21 s for plant (64%) and ear (74%) height were relatively high; 
intermediate for ear length (45 %) , and cob diameter (49%); and relatively 
lower for ear diameter (35 %), kernel depth (28%), and yield (28%). The 
average h 2 for the six populations for silking date was 81 %. Selection 
should be effective for silking date and plant and ear height but more 
difficult for yield and its components. The effectiveness of selection for 
silking date is reflected in the average silking dates for the CO and C4 
populations for SSS and CBS (Table 3). 
The additive genetic (rA, Table 4), total genetic (rG, Table 5), and 
phenotypic (rp, Table 6) correlations did not show a consistent change 
with selection for yield. If selection has been effective for yield im-
provement, and if there was an assoc iat ion between the plant and ear 
traits measured with yield , one would expect a concomitant change for 
the associat ed t raits. The estimates of r A and rG decreased from the 
CO to C4 for SSS, CBS, and hybrid populations for ear length and yield, 
with no change for rp. For ear diameter and yield, r A increased from 
the CO to C4 for SSS and CBS but decreased in the hybrid populations; the 
same relation was present for kernel depth and yield (Table 4). The 
estimates of r G (Table 5) for kernel depth and· yield decreased from CO 
to C4 for SSS and hybrid populations but remained unchanged for CBS. 
The rp's w e re essentially the same for all populations (Table 6). Among 
Additive genetic correlations (rA) among seven traits for six populations calculated from 
U1 
Table 4. 00 
00 
the combined variance and covariance analyses for three experiments. -
Populations 
Trait combinations sssc sssc4 CBSC CBsc4 SSSC xCBSC SSSC 4xCBsc4 Av. 0 0 0 0 
Plant height X ear height .72 .82 .77 .98 .71 .77 .80 
ear length .20 .37 .33 .16 .18 .o8 .22 
ear diameter ... 09 -.10 .o8 .o8 .06 -.24 -.04 
cob diameter .13 .20 .06 • err .19 -.06 .10 
kernel depth ... 32 ... 32 .03 .01 -.04 ... 30 -.16 >-~ yield ... 28 ... 15 .36 .14 ... 13 ... 09 ... 02 z 
M 
Ear height X ear length ... 13 .15 .49 .oo .08 ... os .OS L' 
ear diameter • err ... 06 .18 .09 .10 ... 12 .04 ~ 
cob diameter .23 .25 .09 -.04 .37 ... 02 .15 ~ kernel depth ... 22 ... 32 .10 .• 19 .04 ... 16 ... 06 >-
Yield ... 16 ... 21 .45 .13 .15 .... 01 .o6 L' 
L' 
Ear length X ear diameter ... 18 -.29 ... 67 ... 69 ... 18 .... 64 -.44 >-~ 
cob diameter .09 ... 12 ... o4 ... 12 ... 09 ... 09 ... o6 M 
kernel depth ... 36 ... 25 ... 75 ... 81 ... 32 ... 98 ... 58 ~ 
yield .34 .29 .35 .. 13 .32 .02 .24 
Ear diameter X cob di~ter .72 .63 .66 .76 .94 .77 .75 
kernel depth .48 .63 .55 .53 .65 .54 . 56 
yield .25 .59 .19 .38 .29 .19 .32 
Cob diameter X kernel depth -.25 -.20 ... 27 -.15 .24 ... 10 ... 12 
yield ... u .13 .02 . • 11 -.58 .02 ... 05 
Kernel depth X yield .50 .60 .21 .46 .61 .22 .43 
Table 5. Total genetic variances (~) among seven traits f or six popul ations obtained from the 
combined variance and ccrv iance analyses for three experiments . 
Populations 
Trait combinations sssc SSsc4 CBSC CBsc4 SSSC )ICBSC SSSC4)1CBsc4 Av. 0 0 0 0 
Plant height X ear height .72 .82 .76 1.00 .71 .77 .80 
ear length .23 .39 .24 .31 .18 .04 .23 0 
ear diameter ... 10 ... 10 .OS .15 .15 ... 15 .01 M 
cob diameter .12 .29 .12 .26 .33 ... 10 .17 z 
kernel depth ... 31 ... 34 ... 05 ... 02 .05 ... 09 ... 13 M f-3 
yield ... 11 ... 05 .38 .31 ... 01 .,.01 .OS H () 
Ear height X ear length ... 10 .22 .22 .03 .o6 ... 09 • Cf{ ~ ;i> 
ear diameter .02 ... 05 • Cf{ .04 .o6 ... 02 .02 ~ 
cob diameter .22 .32 .o6 .03 .18 • Cf{ .15 H ;i> 
kernel depth ... 27 ... 32 .oo .03 .01 ... OS ... 10 z 
yield ... 15 ... o6 .36 .10 .09 .o6 • Cf{ () M 
H 
Ear length x ear diameter ... 11 ... 29 ... 18 ... 27 ... 41 ... 36 ... 27 z 
cob diameter • Cf{ ... 02 ... o4 ... 02 ... 32 ... 09 ... 07 ~ 
kernel depth ... 21 ... 32 ... 36 .... 34 ... 20 ... 37 .... 30 ;i> H 
yield .35 .30 .42 .29 .35 .o6 .30 N 
M 
Ear diameter X cob diameter .72 .52 .74 .65 • 79 .54 .66 
kernel depth .54 .75 .71 .77 .64 .76 .70 
yield .41+ .49 .44 .36 .39 .26 .40 
Cob diameter X kernel depth ... 21 ... 17 .04 .01 ... 23 -.14 -.12 
yield ... 11 .17 .19 .13 ... 50 ... Cf{ ... 03 





Table 6. Phenotypic correlations (rp) among seven traits for six populations obtained from the '° 0 
combined analyses of variance and covariance for three experiments. 
Populations 
Trait combinations sssc sssc4 CBSC CBsc4 SSSC >CBSC SSsc4xc:ssc4 Av. 0 0 0 0 
Plant height X ear height .68 • 72 .69 .66 .67 .71 .69 
ear length .09 .10 .23 .07 .13 .10 .12 
ear diameter .01 .04 .13 .01 .02 .01 .04 
cob diameter .o6 .OS .o6 .o6 .02 .oo .05 
~ kernel depth .oo .oo .OS .oo .01 .01 .02 ~ 
yield .17 .16 .33 .22 .26 .24 .23 z 
M 
Ear height X ear length .02 .o6 .18 .04 .09 .02 .07 t"' 
ear diameter .01 .00 .02 .01 .03 .oo .01 ~ 
cob diameter .01 .01 .01 .01 .02 .oo .01 ~ 
kernel depth .03 ... 01 .01 .oo .02 .02 .01 ~ 
yield .o6 .07 .24 .16 .20 .13 .14 t"' 
Ear length X ear diameter .51 .20 .Z( .18 .42 
~ 
.22 .30 ~ 
cob diameter .16 .11 .05 .11 .61 .18 .20 M 
kernel depth .34 .10 .18 .10 .24 .07 .17 
~ 
yield .46 .44 .41 .40 .46 .42 .43 
Ear diameter X cob diameter .50 .41 .46 .49 .44 .40 .45 
kernel depth .73 .72 .78 .82 • 74 .72 .75 
yield .44 .48 .46 .47 .41 .43 .45 
Cob diameter X kernel depth •• 13 ... 25 -.19 .... 14 ... 20 .... 23 -.19 
yield .20 .19 .25 .23 .15 .18 .20 
Kernel depth x yield .34 .37 .32 .37 .33 .33 .34 
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the four yield components (ear length and diameter, cob diameter, and 
kernel depth), there was not a consistent change with selection for yield. 
The highest average r A (. 43) and rG(. 49) were between kernel depth and 
yield. 
The correlations between plant and ear height increased from the CO 
to C4, and the average for the six populations was r A = . 80, r G = . 80, 
and rp = . 69. There was no consistent correlation of plant and ear height 
with either yield or yield components; all correlations were small. 
Negative estimates of r A and r G were obtained consistently between 
ear length and ear diameter, cob diameter, and kernel depth, though the 
correlations between ear length and cob diameter were small for all 
populations. The estimates of r A and r G show that as ear length in-
creases, ear diameter and kernel depth decrease. Most of this decrease 
in ear diameter, with increased ear length, apparently was due to de-
creased kernel depth because the relation between ear length and cob 
diameter was small. However, the average r A and r G between ear 
diameter and kernel depth (r A= . 56 and rG = . 70) was similar to those 
between ear and cob diameter (r A= . 75 and rG = . 66), which would sug-
gest a higher correlation between ear length and cob diameter. The 
average r A and rG between ear diameter and yield were higher (r A=. 32 
and rG = . 40) than between ear length and yield (r A = . 24 and rG = . 30). 
The only rp's between yield and the yield components and among the 
yield components that were consistently high were between ear diameter 
and kernel depth. The rp' s between ear length and yield and between 
ear diameter and yield were similar for all popula tions, but only 18 to 
20% of the variation in yield can be attributed to each of these traits. 
The average r:p between kernel depth and yield was . 34; the variation 
among populations was small, with the correlation showing an increase 
from CO to C4 for SSS and CBS and no change in the hybrid populations. 
The highest average rp was between ear diameter and kernel depth (rp = 
. 75). The high rp between ear diameter and kernel depth would be useful 
in mass selection studies, because this indicates that large ear diameter 
is associated with good kernel depth; the average rp between kernel depth 
and yield, however, was disappointingly low (rp = . 34). 
Four cycles of reciprocal recurrent selection reduced significantly 
the O' A in SSS and hybrid C4 populations, but with no change from the CO 
to C4 for CBS for yield. ThoughO-b was reduced from the CO to C4 for 
the SSS and hybrid populations and increased from the CO to C4 for CBS, 
the changes in O-b were not significant after four cycles of selection. 
Hallauer (1970) concluded that genetic variation had been reduced in the 
SSS and hybrid populations after four cycles of selection with only modest 
gains for yield improvement . Since only limited improvement was 
realized for yield, the primary trait under selection, correlated changes 
in other traits may not be expected. Generally, with few exceptions, 
this study showed that the changes in average performance, genetic 
variation, and heritability were small for the seven plant and ear traits 
measured. Since selection for yield either has not been of sufficient 
duration or has not been effec tive (or both), for significant yield improve-
ment in the two base populations, the change in gene frequencies was not 
sufficient to a l ter the associated traits. 
Changes in the average silking date for SSS and CBS and the reduction 
in er~. for kernel depth from the C 0 to the C4 for all populations appear to 
Table 7. Estimates of the pertinent components of genetic variances for the S. S. Syn, C. B. Syn, U1 
'° and hybrid populations• N 
ComEonent estimates 







a2 "d'"2 cr crG 
Plant height SSS 143± 15 22± 4 25± 5 5± 7 55± 2 0.17 
CBS 127± 14 38± 5 29± 5 -18± 8 68± 2 0.23 
Hybrid 132± 14 17± 3 24± 5 0± 7 57± 2 0.18 
Ear height SSS 126± 13 10± 2 13± 3 9± 4 30± 1 0.10 ;:i:. 
~ CBS 129± 13 8± 2 21± 3 1± 1 29± 1 0.16 z 
Hybrid 130± 13 14± 2 17± 3 -4± 4 34± 1 0.13 M 
t-< 
Ear length SSS 1. 04±.14 0.22±. 09 0.24±.12 -0.10±.23 1. 85±. o6 0.23 M 
CBS 1. 25±.17 0.12±.10 0.66±.17 -0. 28±.27 2.30±.0S 0.53 ::r: Hybrid 1. 43 ±.18 0.19±.0S 0.47±.13 -0.22±.22 1. 83 ±. o6 0.33 ;:i:. 
t-< 
Ear diameter SSS 2.60±.40 1.12±.31 o.44±.40 o. 84±.75 5. 75±.19 0.17 ~ CBS 2.28±.36 0.24±.26 1. 40±. 45 - 0.60±. 75 6.21±. 21 0.61 c: 
Hybrid 2. 44±.37 0.48±.24 1.32±.40 0.00±.74 5.23±. 17 0.54 M 
~ 
Cob diameter SSS 1. 88±. 22 0.12±.12 0.04±.17 0.04±.35 2. 81±.09 0.02 
CBS 1. 48±. 20 0.52±.13 0.12±. 15 0.16±.30 2.33±.0S 0.08 
Hybrid 1.52±. 20 0.16±.10 0.44±.18 -0.20±.31 2.58±.0S 0.29 
Kernel depth SSS 1. 48±.27 1. 04±.25 0.52±.32 - 0.12±.58 4.75±.16 0.35 
CBS 1. o8±.23 o.44±.23 o.64±. 35 -0.32±.63 4. 93±.16 0.59 
Hybrid 1.20±.24 0.36±.20 1.12±.34 -0. 80±.57 4.88±.16 0.93 
Yield SSS 156 29 83± 22 174± 37 74± 51 387±13 1.12 
CBS 138 25 76± 21 81± 30 16± 51 403±13 0.59 
Hybrid 156 27 69± 21 95± 32 42± 53 407±14 0.61 
GENETIC VARIANCE IN MAIZE 593 
have been influenced by selection. The change in silking date, however, 
also can be attributed to selection in making the testcrosses. (Matings 
at flowering time would have included the latest flowering plants in CBS 
and the earliest in SSS.) The estimates of heritability (Table 3) for 
silking date show that selection would be effective for changing relative 
silking date. The estimates of er~ for kernel depth indicate that G-~ has 
been reduced in all populations after four cycles of selection for yield. 
1rb increased for all populations. These relative changes indicated a 
change in the average degree of dominance of relative proportions of 
S-b for kernel depth. 
Since the estimates of genetic variances showed no change for most 
traits, after four cycles of reciprocal recurrent selection for yield, the 
sums of squares and degrees of freedom were pooled for the SSS, CBS, 
and hybrid populations (Table 7). All the estimates of cri_ are signifi-
cantly different from zero for all traits for the three populations. All 
the estimates of crb were significantly different from zero for yield and 
plant and ear height. The estimates of cri_L were generally significant, 
whereas most of the estimates of <rbL were small and nonsignificant. 
The ratio, O'-b/IT-_i, showed that a greater proportion of the total genetic 
variance for yield was due to dominance deviations. Except for SSS, 
crb also accounted for more than 50% of the total genetic variation for 
kernel depth. 
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CARBOHYDRATE METABOLISM AND RESPIRATORY ACTIVITY 
OF SOYBEAN SEEDLINGS 1 
Abdul H. Wahab and J. S. Burris 2 
ABSTRACT. Respiratory rates , car b oh yd rate contents , 
and dry weight changes of soybean seedlings, cultivar 
'Hawkeye', were studied. Seeds were germinated for 
10 days under a 14-hour photoperiod .. The " dry " seed 
exhibited low respiratory activity and a high nonreduc-
in g carbohydrate level. Reducing sugars and respira-
tion rates of the embryonic axis were at a maximum 
36 hours after imbibition and increased to this level 
significantly faster than in the cotyledons. At this 
time, respiration was 16 times greater in the embry-
onic axis than in the cotyledons, and the dry weight of 
the embryonic axis had almost doubled, 
The cotyledonary dry weight decreased significantly 
at each sampling period, between days 2 and 10. As 
the respiratory activity increased to a maximum on 
the sixth day and declined thereafter, the carbohydrate 
levels of the cotyledon decreased between days 0 and 6. 
However, a s i gnificant increase was noticed on day 8. 
The respiratory rate and carbohydrate levels of the 
root were relatively constant during germination. 
Respiration rates and carbohydrate contents of the 
hypocotyl reached a maximum on day 4 and declined 
with the development of the epicotyl. The epicotyl in-
creased steadily in dry weight and respiration rates, 
but the carbohydrate levels decreased. Respiratory 
activity was consistently high in the unifoliate leaves 
and increased markedly in the shoot apex. 
There was no statistical difference in the dry weight 
between the "dry" seed and the total seedling on the 
sixth day, but dry weight of the seedling increased 
from the eighth day. Presumably, the seedling was 
photosynthesizing from this time on since the increase 
in the remainder of the seedling could not be accounted 
for by the dry-weight loss of the cotyledon. 
1 Journal Paper No. J -6675 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa 5 0010. Project No. 1577. 
2 Research Assistant and Assistant Profess or. Department of Botany 
and Plant Pathology, Iowa State University, Ames, Iowa. 
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Germination as a biological phenomenon comprises several inter -
dependent biochemical process es. The viable, ungerminated soybean 
seed represents a relatively static but potentially dynamic biological 
system. The chemical constituents of the various parts must be con-
verted and mobilized for germination. The soybean embryonic axis 
contains only a limited supply of food reserve, and the bulk of the stor -
age products are found in the cotyledons. 
Soon after the seed is placed in a sufficiently moist atmosphere, im-
bibition takes place, and the seed gradually becomes hydrated. As this 
process continues, a sharp increase in respiratory activity is observed, 
and the stored carbohydrates are broken down to produce energy and 
carbon dioxide. This signifies the onset of germination, which Toole et 
al. (1956) described as the physiological changes induced through in- -
creased respiration resulting in embryonic growth. 
Although the exact sequence of events occurring during germination 
remains obscure, Goo (1952) suggests that three distinct stages occur. 
The first two phases encompass imbibition of water and the activation of 
enzymes. This leads to the accumulation of substrates essential for cell 
division and the synthesis of protoplasm. When certain threshold levels 
of these required substrates are reached, the third phase of germination 
starts. This phase is characterized by growth, increase in dry-weight, 
and the rapid uptake of oxygen and water. 
Extensive information is available on the over -all metabolism of the 
viable germinating seed. Little is known, however, about the physio-
logical activities of the various seedling organs as they grow and develop. 
The objectives of this research were to investigate the patterns of res -
piratory activity, carbohydrate levels, and dry-weight changes of the 
various seedling organs during germination of soybeans. 
MATERIALS AND METHODS 
Soybean seeds (Glycine max (L.) Merr.J cultivar 'Hawkeye' were used 
for these studies. Seeds w---;;;; produced in 1967 and stored in sealed 
glass jars at7. 5% moisture content and at 10°C. 
Seeds were germinated for 10 days in a controlled environmental 
chamber. They were given a 14-hr photoperiod with a 28 ± 1 °C day and 
a 25 ± 1 °C night temperature. Illumination was supplied by cool-white 
fluorescent tubes sypplemented with incandescent bulbs. The irradiance 
as measured with a Weston 756 illuminometer was 2100 ± 100 foot candles. 
Four replicates of 1000 seeds each were evenly distributed on a 
stainless steel mesh and placed over a plastic pan (35 x 30 x 12. 5 cm). 
Each pan contained 12 liters of Hoagland's solution. The nutrient solu-
tion was aerated and maintained at pH 6. 5 throughout the experimental 
period. 
Seeds were covered with several layers of cheesecloth. One end of 
the cheesecloth was kept in contact with the solution and thus served as 
a wick. The cheescloth was removed after seeds had emerged. At 12-
hour intervals up to 48 hours after planting, 75-100 weeds were harvested 
per replicate. Henceforth, seedlings were harvested at 2-day intervals 
through day 10. Immediately after harvesting, embryonic axes, cotyle -
dons, and the various seedling organs were dissected from 10-25 seed-
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lings, and the respiratory activity of each organ w as determined. The 
remaining portion or sample not used for respiration studies was frozen 
and stored, pending carbohydrate and dry-weight determination. 
Respiration measurements w ere made on the various seedling organs. 
Before analysis, tissues were rinsed in distilled water and placed in 
15 -ml Warburg flasks containing 3 ml H.20 w ith 0. 2 ml 5 N NaOH and 
folded paper in the center well. Flasks were connected to a Gilson Dif-
ferential Respirometer, flushed for 2 minutes with C02 free air, and 
then allowed to equilibrate for an additional 13 minutes before analysis. 
Readings were tak en at 5 -minute intervals for 30 minutes at 28 °C. 
Values were corrected for standard conditions and expressed as maxi-
mum rate of production of u 10:.2 / min / g dry matter. 
Dry-matter determinations w ere made by drying the v arious seedling 
organs at 85 °C for 24 hours in a mechanical convection oven. Result s 
were expressed as mg dry matter per seedling. 
For carbohydrate determinations, the dried seedling organs w ere 
ground in a Wiley Mill to pass through a 40-mesh screen. A 200-mg 
portion of the ground material was extracted in water for 1 hour in cen-
trifuge tubes placed in a boiling w ater bath. The contents of each tube 
were filtered through a number 31 Whatman filter paper and made to 
100 ml. Total water -soluble carbohydrates were determined by the 
method of Dubois et al. ( 1956). Reducing carbohydrates were deter -
mined by Nelson 1 s-(1944) modification of Somogyi's method. The amount 
of nonreducing sugars was determined from the difference. All carbo-
hydrates were expressed on a percentage basis, with D-glucose as the 
standard. Statistical differences were determined by the F Test using 
the complete random design. Individual means were compared by the 
use of the least significant differences test (Steel and Torrie, 1960). 
RESULTS 
Carbohydrate Metabolism 
The carbohydrate data of the embryonic axes and cotyledon during the 
first 48 hours of germination are presented in Table 1. Total sugars 
constituted 27 % of the embryonic axis of the dry seed. After imbibition, 
these sugars decreased significantly through 36 hours, followed by a 
significant increase 48 hours after planting. Nonreducing sugar levels 
in the embryonic axes followed a trend similar to that of the total carbo-
hydrates. At each sampling, nonreducing sugars accounted for more 
than 9 0% of the total carbohydrates. Reducing sugars were at a relatively 
low level in the embryonic axis of the dry seed. After imbibition, how-
ever, levels increased to a maximum at 36 hours then decreased 48 hours 
after planting. 
The changes in total and nonreducing carbohydrate levels of the cotyl-
edons followed a similar trend during the 48-hour period after planting. 
There was a gradual decrease in levels of these sugars, which were at a 
minimum 48 hours after planting. Reducing-sugar levels fluctuated after 
imbibition but remained essentially unchanged at the end of 48 hours. 
Total sugars were at a maximum in the roots on day 4. Levels then 
gradually decreased through day 10 (Table 2). Nonreducing sugar levels 
of the roots fluctuated during this time, but remained essentially un-
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Table 1. Total, reducing, and non-reducing carbohydrate levels of seedling 
during "early" germinationa organs 
Cotyledons Embryonic axis 
Hours Total Reducing Non-reducing Total Reducing Non-reducing 
CHzO CH'O CHzO CHzO CHzO 
0 13.28b~: l.35b 11. 93b 27.12e l.63a 
12 ll.49a 0.88a 10.6lb 22.76d 1. 62a 
24 12.26b 0.9la 11. 35b 18 .65c 2.39b 
36 9.84a 0.94a 8 . 89a 9.25a 4. 72c 
48 9.68a l.36b 8 .3la 14.49b 2.44b 
aValues are expressed in percentage per unit dry weight. 
~·:values differing significantly in the same column at the 5% 







Table 2. Total carbohydrate levels of seedling organs 4-10 days after 
plantinga 
Unifoliate 
Day Root Cotyledon Hypocotyl Epicotyl leaves 
4 5. 27b~': 4.50a 6.14b 
6 4.83a 4.56a 5.75a 5.70b 5.27a 
8 4.38a 6.57c 5.28a 4. 78a 6.39b 
10 4.58a 5.35b 5.37a 4.50a 5.9lb 
avalues are expressed in percentage per unit dry weight. 
*values differing significantly in the same column at the 5%. 





changed between day 4 and day 10 (Table 3) . Reducing sugar content of 
the root was highest on day 4, decreased sharply on days 6 and 8, then 
increased again on day 10 to essentially the same level as of day 4 
(Table 4). 
Total and nonreducing sugars in the cotyledons increased significantly 
between days 4 and 10 (Tables 2 and 3). Reducing sugars showed a 
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Table 3. Non-reducing carbohydrate 
days after plantinga 
levels of seedling organs 4-10 
Uni foliate 
Day Root Cotyledon Hypocotyl Epicotyl leaves 
4 3. 72a~·: 2.43a 3.70a 
6 4.0lb 2.37a 3.44a 4.2la 4.06a 
8 3.82b 5.72c 4.43b 3.92a 5.04b 
10 3.26a 3.70b 3.68a 2.83b 4.12a 
avalues are expressed in percentage per unit dry weight. 
~·:Values differing significantly in the same column at the 5 /o 
level of probability are indicated by different letters. 
Table 4. Reducing sugar levels of seedling organs 4-10 days a fter 
plantinga 
Uni foliate 
Day Root Cotyledon Hypocotyl Epicotyl leaves 
4 1. 54b~·: 2.07c 2.44c 
6 0.82a 2.19c 2.32c 1. 50b l.20a 
8 0.56a 0.86a 0.86a 0.85a l.3la 
10 l.32b l.65b 1. 70b l.68b l.79b 
avalues are expressed iP. percentage per unit dry weight. 
*values differing significantly in the same column at the 5% 










significant decrease from 2. 07 % on day 4 to 1. 65 % on day 1 O (Table 4 ) . 
Total carbohydrate levels were highest on day 4 in the hypocotyl, then 
decreased gradually but significantly thereafter. Nonreducing sugars in 
the hypocotyl increased on day 8, then decreased on day 10 to essentially 
the same value as on day 4. Reducing sugar s decreased from day 4 to 
day 10. 
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The epicotyl was first sampled on day 6, when total carbohydrates 
accounted for 5. 70% of its dry weight . By day 10, this level had dropped 
to 4 . 5%. Nonreducing sugars decreased similarly from 4 . 21% on day 6 
to 2. 83% on day 10. Reducing sugars remained essentially unchanged 
during this time. 
The unifoliate leaves increased in total carbohydrate content from 
5 . 27 % on day 6 to 6. 39 and 5. 9 1 % on days 8 and 10, respectively. During 
this time, nonreducing sugars increased, then decreased to essentially 
the same value as was observed on day 4 . Reducing sugars increased 
significantly from day 6 to day 10. 
Total and nonreducing sugars of the shoot apex decreased significantly 
after its emergence on day 8 . Reducing sugars increased s i gnificantly 
from day 8 to day 10 (Tables 2, 3 , and 4) . 
Respiratory activity 
The respiration rates of the cotyledon and embryonic axis during the 
first 48 hours after imbibition are presented in Figure 1. During thi s 
time, the cotyledon respired at a gradually increasing rate . At the time 
of planting, the respiration rate of the cotyledon was 2. 20u1. Oz / min / 
gram dry matter (Q 0 ) . Forty-eight hours later, the Qo had increased z z 










0--0 C OTYLE DON 
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Figure 1. Respiration rates (ul. Oz min - 1 gm-Z dry w eight) of seed/ 
seedling organs during early germination. 
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Embryonic axes were much more active than the cotyledons, as would 
be expected. There was an almost linear increase in Go of this organ 
after imbibition. The Go values at the start of imbibitio
2
n and 48 hours 
later were 24. 10 and 99 . 6, respectively. 
The respiratory activities of the various seedling organs from 4 to 1 O 
days of germination are presented in Table 5. The respiratory rate of 
the root during this time remained statistically unchanged, although 
minor fluctuations were noticed during days 4-10. The respiratory rate 
of the cotyledon was highest 6 days after planting and lowest on day 10. 
The hypocotyl attained a maximum respiratory activity on day 4, then 
declined to a minimum on day 8 . 
Table 5. Respiration rates (ul.0
2 
min-l gm- 1 dry weight) of organs during 
late germination 
Uni foliate Shoot 
Days Root Cotyledon Hypocotyl Epicotyl leaves apex 
4 76. lla 
·k 
37.94a 46.47b 
6 83. 28a 54.14b 21. 38b l.23a 77. 2la 
8 64.Sla 49.6lb 4.15a 4,95a 59,75a 2.60a 
10 76.98a 32.38a 12.07a 22.54b 63,60a 57.88b 
"values differing significantly in the same column at the 5% 
level of probability are indicated by different letters. 
The epicotyl respired at an extremely low rate from the time of its 
development on day 6 until the end of day 8 . A marked increase in res -
piratory activity was observed 10 days after planting, at which time the 
Go
2 
value was 22. 54. The respiratory activity of the first unifoliate leaf 
showed minor fluctuations from the time of its development on day 6 to 
the end of the experimental period. The shoot apex increased markedly 
in respiratory activity from the time of its development on day 8 to day 1 O. 
Dry-matter Distribution 
The seed minus the seed coat was composed of a pair of cotyledons, 
which weighed 144 mg, and the embryonic axis, which weighed 3 mg, 
g iving a total seed weight of 147 mg. Forth-eight hours after imbibition, 
there was a significant decrease in dry matter of the cotyledons, accom-
panied by an 80% increase in the dry matter of the embryonic axis. At 
this time, the cotyledons weighed 136 mg, and the embryonic axis 
weighed 5. 4 mg. 
The dry-weight changes of the various seedling from days 4 to 10 are 
presented in Table 6. Throughout this time, the root increased steadily. 
The dry weight of the hypocotyl was essentially constant from its develop-
ment on day 4 to day 10. There was a linear increase in dry-matter 
content of the epicotyl from days 6 to 10. The unifoliate leaves increased 
markedly in dry matter from the time of their development on day 6 to 
Table 6. Dry weight changes a of seedling organs and entire seedling from 4-10 days of 
germination 
Seedling total 
Uni foliate Shoot Seedling 
Days Root Cotyledon Hypocotyl Epicotyl leaves apex total 
4 3. 98a'>': 129.92d 14.53a --- --- --- 148.43a 
6 12.59b 99.83c 12.92a 3.24a 14.34a --- 142.9la 
8 19.02c 67.66b 13.63a 8 .67b 43.0lb 5.04a 157.03b 
10 28.46d 57.98a 14.59a 14. 71c 62.12c 16.18b 194.04c 
aWeights are given in milligrams/organ. 
~ 
"values differing significantly in the same column at the 5"/o level of probability are 
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the end of the experimental period. A similar increase in dry matter 
was noticed in the shoot apex, whi ch weighed 5 mg on day 8 and 16 mg at 
the end of the experimental period. 
As would be expected, the dry weight of the cotyledons decreased as 
germination progressed . On day 4, the dry weight per pair of cotyle -
dons was 130 mg. By day 10, they we i ghed 58 mg. During this same 
period, the entire seedling increased in dry matter from 148 to 194 mg 
(Table 6). The entire seedling, wit h the cotyledons removed, weighed 
18. 5 mg on day 4 and 136 mg on day 10. 
DISCUSSION AND CONCLUSIONS 
The results of this study demonstrate that germination is a complex 
and dynamic process. In this discussion, the soybean seed will be con-
sidered as having two distinct but interdependent morphological entitie s : 
the cotyledons and the embryonic axis. The cotyledons may be consid-
ered as the "energy source," and the embryonic axis as the " energy sink." 
The levels of carbohydrates and t he respiratory activity of the un-
germinated seed indicate a relatively static biological system. In the 
soybean seed, the nonreducing sugars make up the bulk of the total car -
bohydrates within the cotyledons and the embryonic axes. Several 
workers have identified these nonreducing sugars as sucrose, raffinose, 
and stachyose (Fugil 1 956; Abrahamsen and Sudia 1966) . The low levels 
of reducing carbohydrates observed in the cotyledon and embryonic axis 
are indicative of a resting organism. In the unimbibed seed, metabolic 
activity is reduced to a minimum, mainly because of the inactivation of 
enzymes. 
Shortly after imbibition, the seed is transformed from a relatively 
static to a dynamic system. This is demonstrated by increased respira-
tion rates and rapid changes in the carbohydrate levels (Fig. 1, and 
Table 1). The " energy source " nature of the cotyledons is exemplified 
by the decreasing carbohydrate content and increasing respiratory rate, 
with a subsequent loss in dry matter. The "ener gy sink" nature of the 
embryo is characterized by increased respiratory activity and an in-
crease in dry matter. Though both organs show increased respiration, 
one is synthetic (embryonic axes), and the other is degradative (cotyle-
don). The decreased total and nonreducing carbohydrate levels noticed 
in the cotyledons during the 48 -hour period after imbibition indicate the 
mobilization and interconversion of these materials from the "energy 
source" to the " energy sink. " The substantial increase in the reducing 
sugar levels of the embryonic axis after imbibition was highly corre -
lated with its increased respiratory activity. This indicates an increase 
or activation in the enzymes mediating the degradation of nonreducing to 
reducing sugars . 
The results of carbohydrate levels, respiratory rates, and dry weight 
changes of the various seedling organs from days 4 throu gh 10 further 
demonstrate the " energy source " - " ener gy sink" interaction and the 
unique contribution of each seedling organ to the metabolism of the entire 
seedling. Emergence and development of the embryonic axis necessitated 
mobilization and trans location of stored ener gy from the cotyledons. 
This was demonstrated by the decreasing total and nonreducing carbo -
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hydrate level s of the cotyledons during germination. The significant 
increase in total carbohydrate content of the cotyledons from day 6 to 8 
is indicative of either the conversion of fats to carbohydrates through 
the glyoxylate cycle (Kornberg and Beevers 1957; Yamamoto and Beevers 
1960) or a reduced demand for carbohydrates by the other seedling organs. 
It is pas sible that all the seedling organs, with the exception of the root, 
were assimilating C0 2 by day 6. This might explain the increase in 
carbohydrate content of the unifoliate leaves and shoot apex from day 6 
to 10. 
The cotyledons showed a high respiratory rate on the eighth day. At 
this time, they had lost 76 mg of their dry weight, while the remainder 
of the seedling had increased in dry weight to 90 mg. This is further 
evidence that the soybean seedling might have changed from being a 
heterotrophic to an autotrophic system on about the eighth day. The high 
respiratory rate noticed on the eighth day was probably because of in-
creased mitochondrial activity (Howell 196 1). 
The carbohydrate contents and respiratory rates of the roots were 
fairly constant between days 4 and 10, but there was a sevenfold increase 
in dry weight during this period. Carbohydrate levels and respiration 
rates of the hypocotyl were at a maximum on the fourth day and declined 
thereafter. The decreased metabolic activity of this organ coincided 
with the epicotyl development. Respiration rates of the epicotyl and 
shoot apex increased rapidly from the sixth to the tenth day. The uni-
foliate leaves gave a constant and high respiratory rate throughout their 
development. These high rates can be attributed to a generally higher 
metabolic activity in meristematic tis sues. 
These results demonstrate shifts in the "energy source" - "energy sink'' 
relationships in the seedling, in that, as any one organ matures, its 
metabolism changes from an energy-demanding system to one from 
which energy may be exported. With the exception of the roots, all the 
seedling organs discussed are capable of photosynthesis. Thus, although 
an organ is incorporating carbohydrate from other organs, it may also 
be assimilating dioxide. Therefore, as its demand for energy decreases, 
it will become a source of reduced carbon for the newer meristematic 
regions that replace it as the " energy sink." 
These studies provide a further insight on seedling metabolism. The 
metabolism of each seedling organ has a profound and unique effect on 
the ability of the seedling to grow and develop into a plant. The carbo-
hydrate, respiratory, and dry - weight patterns of the various seedling 
organs demonstrate the functionally different roles of these organs dur -
ing growth and development of the seedling. 
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DURATION OF STIGMA RECEPTIVITY IN CYTOPLASMIC-GENIC 
MALE-STERILE GRAIN SORGHUMS 1 
R. E. Atkins 2 
ABSTRACT. The duration of stigma receptivity of six 
cytoplasmic-genie, male-sterile lines of grain sor-
g h u m [S o r g h u m b i c o 1 o r ( L . ) M o e n c h J u n d e r Io w a c o n -
ditions was determined from experiments conducted at 
Ames in two grow in g seasons. Bagged heads of each 
male-sterile line were pollinated at mid- and full-
bloom stages, and at 2,4, 6,8, and 10 days past full 
bloom. Two-year means for all varieties indicated 
that pollinations made at either 2 or 4 days after full 
bloom were the most effective, averaging 8 % higher in 
seed set than those made at full-bloom stage. Polli-
nation at 6 days past full bloom gave reasonably good 
seed set, higher than that obtained fr om pollinations 
made at the mid-bloom stage. Appreciable seed a1so 
was set on heads pollinated 8 or 10 days after full 
bloom. Differences in the duration of stigma recep-
tivity were evident among the male-sterile lines and 
between the two years. 
Hand pollinations of male -sterile heads usually are made over a 
period of several weeks in sorghum breeding nurseries. The stage of 
bloom for the sterile heads often varies considerably for different cross -
pollinations. Artschwager and McGuire (1) observed that stigmas some -
times are receptive to pollination before blooming and always for a con-
siderable time after blooming. Observations on the time required for 
heads to complete blooming and the effectiveness of pollinations made 
after full-bloom stage have been reported from experiments conducted 
in several different geographic areas (2, 3, 4, 5, 6, 7). This paper reports 
the results of studies conducted in two seasons at Ames, Iowa, on the 
duration of stigma receptivity of six cytoplasmic -genie, male -sterile 
grain sorghum lines often used as seed parents of single cross hybrids. 
REVIEW 0 F LITERATURE 
Stephens and Quinby (6) reported on studies of anthesis, pollination, 
and fertilization in fertile sorghum varieties. From 6 to 9 days were 
required for the completion of blooming on the heads of most varieties 
under Texas conditions. When temperatures were low late in the season, 
1 Journal Paper No. J -668 8 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1364. 
2 Professor of Agronomy, Iowa State University, Ames, Iowa. 
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as much as 15 days were required for some large -headed varieties to 
complete blooming. They observed that stigmas were receptive to pol-
len for some time before blooming and for a longer priod after blooming. 
Flowers pollinated 8 days after anthesis produced seed, and in a cool 
fall successful pollinations were made in early October on Blackhull 
Kafir stigmas 16 days after blooming. 
At Hays, Kansas (4), studies with the cytoplasmic, male-sterile 
varieties, Combine Kafir 60 and White Martin, indicated that the maxi-
mum number of florets were receptive 9 days after the time of head 
exsertion, although the apical florets were not receptive after 7 days. 
Seed set was estimated from heads bagged at exs ertion and pollinated 
7 days later, and from pollinations at 11 two-day intervals thereafter. 
Panicles of the male-sterile had nearly completed blooming at the first 
pollination (7 days after bagging) , and florets remained receptive up to 
10 days after opening. Seed set was best for both varieties on heads 
pollinated 9 days after bagging , and seed was set only on the lower half 
of heads pollinated 15 days after bagging. 
Stigma receptivity of unbagged heads was examined by Ross and Web-
ster (5) in isolated plantings of Combine Kafir 60, Martin and Westland 
at Hays, Kansas, and Lincoln, Nebraska . Seed set decreased with 
successive 2-day pollination intervals after full-bloom, but seed set was 
good at 1 to 3 days past full bloom in all tests and up to 6 days in some 
tests. Trace amounts of seed set when pollination occurred 10 days 
after full bloom. Martin and Westland seemed to lose their receptivity 
slightly sooner than did Combine Kafir 60. The data suggested that the 
period of stigma receptivity may be relatively shorter for unbagged as 
compared with bagged heads. 
In tests in Nebraska, Webster (7) obtained good seed sets on bagged 
heads for only 4 days after full-bloom stage. He suggested, however, 
that the relatively short period of stigma receptivity may have resulted 
in part from heavy infestations of aphids under the bags. 
Reddi (3) made pollinations in India on several male-sterile lines of 
two sorghum species. Generally, good seed set was observed on pani-
cles pollinated from 4 to 6 days after a majority of the florets were open. 
Thereafter, a drop in seed set was noticed. Seed formation failed 
gradually, starting from the terminal florets, until almost no seed de-
veloped on panicles pollinated after 14 days. The sterile lines differed 
in ability to receive pollen from diverse sources. In another study in 
India (2), seed set was determined on two male-sterile lines pollinated 
at daily intervals for 5 days after the initiation of stigma emergence. 
Highest seed sets were obtained with both varieties when pollinations 
were made 5 days after stigma emer g ence began. The use of butter-
paper .bags to control pollination resulted in higher seed sets than did 
kraft paper bags. 
EXPERIMENT AL PROCEDURE 
Plantings were made at two dates in 1 963 and at three dates in 1964 
at the Agronomy Farm, Ames, Iowa, of restorer lines and six 
cytonlasmic -genie, male-sterile grain sorghum varieties. Five, or 
more, pollinations were made with Texas 7078 and with Caprock onto 
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each sterile line in 1963, and with both Texas 7078 and Redbine 60 in 
1964. Kraft paper bags, fabricated with insect repellent glue, were 
secured over the heads as they exserted from the flag leaf. Hand pol-
linations were made on the sterile heads at 7 developmental stages: 
mid-bloom, full-bloom, and at 2, 4, 6, 8, and 10 days past full-bloom. 
Pollination dates ranged from August 8 to 30 over the two seasons, with 
most pollinations made between August 14 and 24. Seed sets were esti-
mated at maturity to the nearest 5<1r , 
In both seasons, 5 or 6 days were required after bagging for the 
Reliance sterile to reach full-bloom stage. In nearly all instances, 
heads of the other steriles required 7 to 9 days to complete blooming. 
Grain yields in adjacent replicated experiments averaged 15 to 20% 
higher and mid-bloom dates were about 3 to 5 days earlier in 1963 than 
in 1964. Conditions were favorable for good growth in both seasons, 
with no extended periods of high temperatures occurring during the pol-
lination periods. Moisture or temperature stress on the plants was not 
evident in either year. 
RESULTS AND DISCUSSION 
Results for the two seasons are listed individually for each male-
sterile line in Table 1. Since differences in seed set relative to the dif-
ferent pollen sources were not evident, average seed sets obtained from 
pollinations with two R-lines in each year are presented. Therefore, 
means from 10 or more pollinations, in all but a few instances, are 
shown for each male-sterile at each bloom stage. 
Seed set from pollinations made at the different bloom stages differed 
appreciably in the two years. Differential performance was noted par -
ticularly at the mid- and full-bloom stages and at 6 days past full-bloom. 
Mid-bloom was defined as the stage when anthers ~ere ·extruded in the 
top half of the head. Previous review comments (1, 6) indicated that 
stigmas of some flowers below the midpoint of the head may also be 
receptive to pollen when the head is at the mid-bloom stage. Mean seed 
sets from pollinations at mid-bloom stage in 1964 lend support to this 
premise. 
In 1963, seed sets were relatively low from mid-bloom pollinations 
for all varieties except Wheatland. Likewise, seed sets were consider -
ably lower for pollinations at full-bloom stage in 1963 than in 1964. The 
pollinations were made somewhat earlier in the season in 1963 than in 
1964, but examination of the daily temperatures and dates of pollination 
in the two years did not suggest an explanation for the differential per -
formance, Nevertheless, seed sets at the mid- and full-bloom stages 
were distinctly lower in 1963. 
Heads pollinated at 2, 4, or 6 days past full-bloom stage set the most 
seed in 1963, with the highest percentage shown for heads pollinated at 
4 days past full-bloom. Stigmas were still receptive and seed sets were 
good at full-bloom plus 6 days, except for the early variety, Reliance. 
The time required for heads of this variety to complete blooming was 
less than for the other varieties, and the period of receptivity of stigmas, 
likewise, seemed shorter in both seasons. 
In 1964, the percentage seed set on heads pollinated 2 and 4 days 
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Table 1. Seed set on bagged heads of six cytoplasmic- genie male - ster i le grain 
sor ghums pol lina ted at different bloom stages, Ames , Iowa, 1963 and 
1964. 
Bl oom stage and estimated seed set (%) 
Year and Dals East fu ll- bloom 
male sterile line Mid - bloom Full - bloom 2 4 6 8 10 
1963 
Reliance 26 51 60 52 38 30 4 
Martin 26 44 67 85 72 56 27 
Kafir 60 27 51 71 80 66 40 18 
Westland 24 50 68 83 72 49 29 
Wheatland 54 68 74 72 55 34 19 
Redlan 22. ~ 77 21 83 48 22 
(Mean) 33 52 69 77 64 43 20 
1964 
Reliance 65 91 66 63 31 23 11 
Mar tin 59 72 92 85 26 15 
Kafir 60 58 75 63 56 32 28 
Westland 55 80 83 75 66 35 17 
Wheatland 54 73 72 61 19 24 12 
Red lan 62 80 ~ 76 E_Q l§. 15 
(Mean) 59 78 77 69 39 26 11 
2- year mean , 1963-64 46 65 73 73 52 34 15 
past full-bloom again was good, but marked reductions occurred with 
most varieties when heads were not pollinated until 6 days after full 
bloom. The advantage shown in 1963 for delaying pollination for several 
days past full-bloom stage was not obta ined in 1964, with the full-bloom 
and 2-days -afte r-full-bloom stages g iving equally high seed set. 
The duration of stigma receptivity differed considerably among the 
male -sterile lines. In contrast to the short duration cited for Reliance, 
seed sets remained relatively good on Westland through most of the 
stage s in both years. Redlan also had relatively high seed set t hrough 
the 6-days -past-full-bloom stage in both years . Values for the other 
varieties show ed g reater contrast between the two years. Martin, Com-
bine Kafir 60 and Wheatland showed relatively good seed set through 8-
days-past-full-bloom in 1963, but in 1964 their per centag es were markedly 
lower after the full-bloom -plus -4-days stage. 
The 2-year means for all varieties at each bloom stage (Table 1) in-
dicated that pollinations made at either 2 or 4 days after full bloom were 
the ~ost effective, averaging 8 % higher in seed set than those made at 
the full-bloom stage. Pollinating heads at 6 days past full bloom gave 
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reasonably good seed set, higher than that obtained from pollinations at 
the mid-bloom stage . Appreciable seed also was set on heads that were 
riot pollinated until 8 or 10 days after full bloom. 
The results presented indicate that acceptable seed set can be ob-
tained under Iowa conditions from controlled pollinations made onto 
cytoplasmic, male-sterile sorghums that differ appreciably in stage of 
floral development. Stigmas remained receptive to pollen in two quite 
typical seasons for a considerable period beyond full bloom. With heads 
bagged for pollination control, delaying pollinations for 2 to 4 days be -
yond the full-bloom stage of the male-sterile seed parent may be advan-
tageous. At least, the results of this study indicate that seed set would 
not be seriously impaired. With unbagged heads, or in more arid and 
windy environments, this advantage may not be manifested. 
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A COMPARISON OF SOIL AND AIR TEMPERATURES 
IN THE SPRING AT AMES, IOWA1 
R.H. Shaw2 
ABSTRACT. Soi 1 temp e r at u r e data we r e c om par e d for 
d e p th s o f 2 . 2 5 , 4 a n d 6 i n c h e s and w i th max i mu m a n d 
minimum air temperatures. At 7 a. m. soil tempera-
tures were 4 to 8 °F warmer than the minimum air tem-
perature. Soil temperatures for the 1- and 2. 25 -inch 
depths at noon and 7 p. m. were 3-7 °F cooler than 
maximum air temperatures, while the 6-inch soil tem-
perature was up to 15 ° cooler. 
In the spring, soil temperatures are particularly important from the 
standpoint of germination and emergence of crop plants. Unfortunately, 
only limited soil-temperature data are recorded; in many instances an 
individual must collect his own data to have current and pertinent infor -
mation. The time and depth of soil temperature observations are in1-
portant in interpreting their effect on germination and early growth. 
Theoretical expressions are available that explain soil temperature 
relationships with depth and time (Van Wijk et al. 1959). Because the 
soil constants must be known in applying the-;-e 7quations, this limits 
their application primarily to research problems. 
Baker and Swan (1966) found that air temperatures averaged several 
degrees colder than the soil temperature at the 2.: and 3-inch depths 
during early March, when the ground is frozen, and in May, when solar 
heating frequently dries out the soil surface, but averaged warmer than 
soil temperatures during late March and April. Over a 5 -year period, 
they found average differences of up to 3 ° F for the March-May period. 
Moisture relationships no doubt had some effect on the results they 
found. An examination of the heat budget of the soil surface would show 
that, as the soil surface dries by evaporation, more of the solar energy 
will be used to heat the soil and the air, with less used in evaporation. 
This will affect the air -soil temperature relationship. 
In Indiana, Schaal and Newman (1957), it has been estimated that a 
minimum soil temperature of 5 0 -5 2 ° F at the 2 - to 4 -inch depths will 
occur at about the time of year when the maximum at these depths is 
65 °F. An early morning soil temperature reading of 60 °F (near mini-
mum temperature time) was approximately equivalent to an average of 
68 °F, and the 10 a. m. reading was approximately equal to the average 
for the day. An understanding of how an observation relates to the daily 
Journal Perper No. J -6708 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, Iowa. Project No. 1280. 
2 Professor of Agricultural Climatology, Department of Agronomy, Iowa 
State University. 
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pattern is important in interpreting its effect on germination and de -
velopment of the plant. 
Soil-temperature data have been recorded at Ames since 1 937 . These 
data have been summarized for seasonal distributions by Elford and 
Shaw (1960). These same data have been used in this study to show the 
relationships between soil temperatures at different depths and between 
soil and air temperatures. 
DATA AND PROCEDURE USED 
The data used were collected at the old Iowa State University Agron-
omy Farm about 3 miles southwest of Ames on a Webster silty clay loam. 
Most of the weather station site was covered with sod, which was kept 
mowed. Soil temperatures were· measured in a 4 x 8. 5 foot area stripped 
of sod and periodically cultivated to a depth of 2 inches. 
The thermometers used were mercury-in-glass, encased in a wood 
cylinder. They were first installed on July 1, 1937, at depths of 1, 6, 
12, 48, and 72 inches. On April 1, 1946, another thermometer was in-
stalled at the 2. 25-inch depth. On Nov . 1, 194 9 , the thermometers 
were reset to provide readings at depths of 10, 20, 50, and 100 cm (4, 8, 
20, and 40 inches), with the 1-, 2. 25 -, and 72-inch depths being retained. 
Observations were made at 7 a. m., noon, and 7 p. m. Data used in the 
analysis were collected through 1956. The number of observations 
available for the different comparisons ranged from 8 54, where the 4-
inch depth was involved, to 2316, where the I -inch temperature was 
used. 
The data for each day were placed on punched cards for analysis. 
The figures shown in this paper are computer plots of the data . On 
three sets of data to be shown comparing air temperature versus the 
2. 25-inch soil temperature, the lines shown are for a 3-day moving 
average calculated and drawn by the computer. This comparison was 
considered too expensive to calculate for other comparisons. The mean 
values compared in this paper are for 3 -day means centered around each 
selected temperature. 
RESULTS 
7 a. m. observations 
The 3-day means comparing the different soil temperatures with the 
1-inch depth are given in Table 1. The 1-inch temperature was very 
close to the 2. 25-inch temperature, with a small scatter of most data 
points from a 1: 1 line (Fig. 1). The I-inch temperature averaged 2-3°F 
coole~ than the 4- and 6-inch temperatures, with an increasing scatter-
ing of the data points with increasing depth. The relationship for the 
1 -inch versus 6-inch depths is shown in Fig. 2. Table 1 shows that the 
6-inch temperature averages about 1 °F warmer than the 4-inch tempera-
ture at 7 a. m. For use relative to corn planting time, the soil tempera-
ture data show that no values below 33 °F have occurred after April 26. 
No doubt, freezing temperatures have occurred at shallower depths than 
the 1 -inch depth reported here. 
When the 7 a. m. soil temperatures were compared to the minimum 
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Table 1. Comparison of soil temperatures at 2~-, 4- and 6-inch 
depths with the 1-inch depth for 7 a .m., noon, and 7 
p.m. All values in °F. 
Soil 7 a.m. soil temE. Noon soil temE· E .m . soil temE. 
temp. 











4" 6" 2 ~" 4" 6" 
variable 
32 32 30 30 30 
42 43 39 38 37 
52 53 48 45 44 
62 63 59 57 53 
72 72 69 66 62 
80 75 70 
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Figure 1. Comparison of 1-inch and 2. 25 -inch soil temperature at 
7 a.m. 
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Figure 2. Comparison of I -inch and 6-inch soil temperatures at 7 a. m. 
The line shown is for a I -inch temperature uniformly 2 °F 
less than the 6-inch temperature. 
air temperature, considerably more scattering of the data points was 
evident (Fig. 3). For the period used, sunrise v aries from about 6:50 
a. m. in early March to 4:40 a. m. in late June. Since the minimum air 
and soil-surface temperatures are expected shortly after sunrise, the 
changing time of the soil-temperature observation relative to sunrise 
would introduce some variation into the data. The mean values of soil 
temperature relative to selected air temperatures are shown in Table 2. 
Table 2. Comparison of maximum and minimum air temperature 
and 7 a.m., noon, and 7 p.m. soil ten perature. 
All values in °F. 
Min Max 
air 7 a.m. soil tem:e. air Noon air tem:e. 7 :e.m. soil tem:e. 
temp. l" 2~" 4" 6" I temp. 1" 2~" 4" 6" 1" 2~" 4" 6" 
< 30 variable 40 36 36 36 34 37 36 36 35 
30 34 35 35 37 50 44 44 42 42 44 44 43 43 
40 45 46 47 47 60 54 54 50 50 54 54 52 52 
50 56 56 58 58 70 65 66 61 57 64 65 65 62 
60 66 66 67 67 80 75 75 70 67 74 74 74 71 
70 73 74 74 74 90 84 83 78 75 83 84 83 82 
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Figure 3. Comparison of minimum air temperature and 7 a. m., 2 . 25 -
inch soil temperature. 
The 1- and 2. 25-inch temperatures averaged near 5 °F warmer than air 
temperature, with the 4 - and 6-inch depths averaging near 6 °F warmer 
when air temperatures were above 30 °F, 
Noon 
~e soil-temperature comparisons for noon data show more scattering 
of the data points than for 7 a. m. data, · particularly for the 6-inch depth. 
The 2. 25-inch depth was slightly cooler than the 1 - inch depth, with the 
difference increasing for the lower depths and increasing temperatures 
due to the slow conduction of heat to the greater depths (Table 1). The 
g reater difference at higher temperatures probably was the result of a 
relatively dry surface soil, w ith more moisture present at the deeper 
depths. 
The comparison between maximum air temperature (which generally 
occurs from 2 to 4 p . m.) to the 2 . 25 - inch temperature is shown in Fig. 4. 
As can be seen in Table 2, the 1- and 2 . 25 - inch soil temperatures are 
from 4 to 7 °F cooler than the maximum air temperature, averaging near 
6 °F, with this difference increasing up to 15 ° F at the 6 - inch depth for 
maximum air temperatures averaging 90 °F. 
7 p.m. 
----xf7 p . m . , soil temperatures at the different depths averaged within 
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Figure 4. Comparison of maximum air temperature and noon, 2. 25-
inch soil temperature. 
2 °F of the I -inch temperatures, except when I -inch temperatures aver-
aged 90 °. At high temperatures, there was a 4 ° difference at the 6-inch 
depth. The scattering of the data points was very similar to that for 
7 a. m. The relationship between soil temperature and maximum air 
temperature was very similar to that shown in Fig. 4. The I -inch soil 
temperatures were 3-6 ° cooler, with the diffe rence increasing to 5 -9 ° 
at the 6 -inch depth. 
USE OF 7 A. M., NOON, AND 7 P. M. SOIL TEMPERATURES 
To interpret the effect of 7 a. m., noon, and 7 p. m. soil temperatures 
on plant development, their relation to minimum, maximum, or average 
soil temperatures needs to be understood. 
The times at which maximum and minimum soil temperatures gener-
ally occur are summarized in Table 3. The 7 a. m. reading should be 
close to the minimum soil temperature at the 2. 25- and 4-inch depths, 
with shallower depth temperatures having reached their minimum tem-
perature. Daily temperature patterns measured by Baker and Swan 
(1966) in Minnesota for May (Fig. 5) can be used to estimate the average 
deviation from the minimum or maximum temperatures. 
At noon, the I -inch temperature will probably be about 1 ° below the 
maximum temperature, with the 2. 25-inch depth about 2 °F below its 
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Time of minimum 
temperature 
Shortly after sunrise 
sunrise + 1/2 hr. 
sunrise + 1 hr. 
sunrise + 2 hr. 
sunrise + 3 to 4 hr. 
00 
Figure 5. Average hourly May temperatures under a bare soil at 
619 
St. Paul, Minnesota, 1961-62. After Baker and Swan (1966). 
Numbers on curves show depth in cm. 
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maximum temperature. The 4- and 6-inch depths will be considerably 
below their maximum v alues. At 7 p. m., the 1-inch depth w ill be well 
below its maximum value. The 2. 25-inch depth also will be cooler than 
its maximum value, while the 4 -inch depth w ill be v ery close to but 
slightly past, its maximum value . The 6 -inch depth will be very close 
to its maximum value . 
At corn-planting depths of 2 to 2. 5 inche s , an average of the 7 a. m. 
and noon temperature will underestimate the average temperature by 
1-2 °F. An average of these same t w o times would be w ithin 1-2 °F of 
the average 1-inch temperature. At the 4-inch depth, an average of a 
7 a. m. and 7 p. m. reading will be very close to the daily average tem-
perature for that depth. 
Although both soil and air temperatures show similar diurnal patterns 
and soil temperatures quickly respond to air - m ass changes, use of air 
temperatures to estimate daily soil temperature may involve consider -
able error. 
SUMMARY 
Soil-temperature data collected at the old Agronomy Farm were com-
pared for depths of 2. 25, 4, and 6 inches and also were compared with 
maximum and minimum air temperatures. 
At 7 a. m., the 1-inch temperature was very close to the 2. 25 -inch 
temperature and averaged 2 - 3 ° cooler than t he 4 - and 6-inch tempera-
tures. Soil temperatures at this time averaged 4 to 8 °F warmer than 
the minimum air temperature. 
At noon, the different soil temperatures were equal near 30 °F, but 
became relatively cooler with depth and increasin g temperature, with 
the 6-inch depth 13 °F cooler than the 1-inch depth at temperatures near 
90 °F. The 1-inch and 2, 25-inch ten1peratures were 4 to 7 °F cooler than 
the maximum temperatures, with this difference increasing up to 15 ° at 
the 6-inch depth when maximum air temperatures a v eraged 90 °F. 
At 7 p. m., soil temperatures a ~ 2. 25, 4, and 6 inches averaged 
within 2 °F of the 1-inch depth. The 1-inch soil temperature averaged 
3-6 °F cooler than the maximum air temperature, with this difference 
increasing to 5-9°F at the 6-inch depth. 
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